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In Hong Kong, slopes are mostly underlain by decomposed granite (DG) that is 
acidic, infertile and characterized by low nutrient- and water-retention capacities, 
resulting in unsustainable growth of the hydroseeded common Bermudagrass 
(Cynodon dactylon). Sludge is a potential soil amendment rich in organic matter, 
nitrogen and cation nutrients; yet its widespread land application is constrained by 
the presence of heavy metals. The present study investigates the growth of 
Bermudagrass in DG that has been amended with different sludge (0, 12.5, 25 and 50 
g kg-1 DG) and lime (0，1 and 4 g kg-1 DG) loading rates, with special emphases on 
aboveground biomass growth, uptake and leaching of heavy metals; the production 
of leachate, surface runoff and runoff sediments under low-intensity (40 mm h_1) and 
high-intensity (80 mm h_1) rainfall, as well as the heavy metals contained therein. 
Decomposed granite amended with the optimum sludge (50 g kg-1 DG) and 
lime (4 g kg-1 DG) loading rates yielded the maximum shoot biomass 1.67 times that 
of the control. The uptake of Cd, Cr, Cu, Ni and Zn by grass increased with sludge 
loading rates, but was largely suppressed by lime. The only exception was Cr, uptake 
of which was slightly enhanced by lime. Lead uptake was unaffected by sludge and 
lime because its content is higher in DG than in sludge. Metal concentrations in the 
shoots rarely exceeded known toxicity limits in the literature, with the exception of 
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Cr. The metal contents in leachate increased with sludge loading rate, except for Cr 
and Pb, but decreased with lime loading rate though insignificant for Cr. This 
reduction was associated with a simultaneous increase in leachate pH. The aforesaid 
optimum sludge and lime loading rates resulted in the highest shoot yield, low heavy 
metal uptake and mild leaching of the metals. 
Bermudagrass was then grown in specifically designed panels packed with DG 
that had been amended with the optimum loading rates of sludge (50 g kg-1 DG) and 
lime (4 g kg-1 DG), and subjected to rainfall simulation at a slope gradient of 45° for 
1 hour. The production rate and cumulative amount of leachate and surface runoff 
increased with rainfall intensity, regardless of sludge amendment. The effect of 
sludge on leachate and runoff varied with rainfall intensity; sludge amendment 
yielded a higher leachate production rate and cumulative leachate, but lower runoff 
rate and cumulative runoff than the control under low-intensity rainfall. Under 
high-intensity rainfall, sludge resulted in a leachate production rate comparable to; 
and a cumulative leachate, runoff production rate and cumulative runoff slightly 
higher than the control. Negligible runoff sediments (0-0.99 g m"2) were collected 
within a 10-minute sampling interval, suggesting that the grass had effectively 
curbed soil erosion. Metal concentrations in both leachate and runoff could mostly 
meet the irrigation and drinking water standards set by world bodies including the 
World Health Organization. Sludge amendment increased the losses of Cd, Cr, Cu， 
Ni, Pb and Zn from the leachate and Cd, Cr, Cu, Ni and Zn from runoff. Rainfall 
intensity resulted in greater losses of Cd, Cr, Ni, Pb and Zn, but not Cu, from the 
leachate produced from sludge-amended panels. Likewise, the losses of Cd, Cr, Cu, 
Ni and Pb from runoff also increased with rainfall, but not for Zn. Heavy metal loss 
in leachate was about one to five times higher than in runoff. 
ii 
The results confirm that sludge at the prescribed loading rate is a potential 
organic amendment material of DG in slope bioengineering works; it benefits grass 
growth without any phytotoxic symptoms, and heavy metals released from the 
leachate, runoff and runoff sediments are within acceptable limits. Optimization 
measures for the land application of sludge were also discussed in the thesis. The 
land application of sludge not only relieves the pressure on landfill sites, but also 
converts it into a resource. 
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1.1 Research background 
Hong Kong has a mountainous relief, rapid and dense development and a 
subtropical monsoon climate. Slope failure is a commonplace and to stabilize the 
slopes, landslip preventive measures (LPM) have been adopted since 1977 (Civil 
Engineering and Development Department, 2004). Many local slopes, natural or 
man-made, are sprayed with concrete to improve stability by prohibiting the 
infiltration of water. The resultant slopes are stereotyped, unsightly and unnatural, 
not to mention the lack of any conservation values. Slope bioengineering has been 
incorporated into the LPM since 1999 to beautify the slopes while maintaining 
stability (Landslip Preventive Measures Division 2，2004). 
Slope bioengineering involves the use of living and non-living materials to 
provide erosion control, protection against shallow failure and habitat enhancement 
(Highways Department, 2001). Slope stabilization and erosion can be achieved 
through (i) intercepting rainfall by vegetation canopy, (ii) trapping materials moving 
down the slope, (iii) binding soils by roots, (iv) providing support to the base of the 
slope, (v) increasing topsoil friction, and (vi) lowering soil pressure through soil 
water absorption (Highways Department, 2001; Lammeranner et al., 2005). 
Among the bioengineering techniques employed in Hong Kong, hydroseeding is 
simple and inexpensive, costing less than HK$50 per square meter in 2001 
(Geotechnical Engineering Office [GEO], 2001a; Highways Department, 2001). It is 
a vegetation establishment technique, by which grass seeds are mixed with 
macerated paper, fertilizers and dye in a water suspension, and sprayed onto the 
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slope by a high pressure jet (GEO, 2001a). The dominant grasses used in 
hydroseeding include common Bermudagrass (Cynodon dactylon) and Bahiagrass 
(Paspalum notatum) in summer and perennial ryegrass (Lolium perenne) in winter. 
The successful growth of grass on slope is governed by soil type, air，water and 
nutrients (GEO, 2001a). The growth substrate commonly associated with slopes in 
Hong Kong is decomposed granite (DG), which is a skeleton soil derived from the 
weathering of granite. It is acidic, coarse-textured and contains low organic matter 
and nutrient contents. It has low nutrient- and water-retention capacities. Under the 
influence of subtropical monsoon, intense rainfalls in summer result in severe 
leaching of nutrients while seasonal drought brings about water shortage in winter. 
These are the most common reasons for the failure of planting works and unhealthy 
growth of the hydroseeded grasses (GEO, 2001a). Common Bermudagrass dies in 
winter due to moisture depletion in the soil and greens up inadequately in the 
following wet season, resulting in complete dieback eventually (Chiu，2004). 
Innovative design of the slope vegetation system is therefore required, including the 
use of amendment materials to improve the nutrient-supplying and water-retention 
capacities of DG. 
Sludge is one of the most extensively used amendment materials because it is 
rich in organic matter and nutrient contents (Liu et al., 2005; Jalali and Khanlari, 
2006; Luczkiewicz, 2006) when compared to most tropical to subtropical soils. It 
acts as a fertilizer supplying nitrogen (N), phosphorus (P) and potassium (K); and as 
a soil conditioner providing organic matter and enhancing water and nutrient 
retention. These benefits compensate exactly the drawbacks of DG in grass growth. 
In addition, the land application of sludge may relieve considerably the pressure on 
landfill sites and turn a waste into a resource. 
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Despite the potential benefits of sludge, its widespread use is constrained by the 
presence of heavy metals and organic pollutants. Heavy metals, including principally 
cadmium, chromium, copper, nickel, lead and zinc, may be phytotoxic to vegetation, 
accumulate in food chains and contaminate water bodies through release in leachate, 
surface runoff and runoff sediments. 
The environmental risks of heavy metals should not be underestimated in Hong 
Kong with an average annual rainfall of 2382.7 mm (Lee et al., 2006b). Daily 
rainfall exceeding 300 mm is not uncommon and three to four hundred landslides 
have been recorded annually (Cheung et al.’ 2006). If sludge is used as an 
amendment material of DGs on slope, there exists a fear of safety among the public. 
Notwithstanding these concerns in Hong Kong, sludge has been used with success in 
Malaysia (Molla et al., 2005), meeting the prescribed environmental standards. 
There are many good practices in optimizing the agricultural use of sludge on 
land. These practices are simple and relatively inexpensive, targeting at the heavy 
metals contained in sludge. One of the effective measures is parallel liming of the 
soil that has been amended with sludge (Bolan et al., 2003b; McBride et al., 2004, 
Wong and Selvam, 2006). The ability of lime in suppressing heavy metal release is 
believed to result from an increase in soil pH, metal adsorption to colloids (Bolan et 
al., 2003b) and the formation of metal precipitates (Epstein, 2003). Excessive liming 
results in an alkaline pH that does not fall within the preferred pH range of 5.5 to 7.0 
in terms of nutrient availability (Brady and Weil, 2002) while under liming is 
self-defeating for the purpose. Extreme alkalinity also inactivates microorganism and 
slows down the mineralization of nitrogen (Emmons, 2000). Despite the potentials of 
lime, it has never been trialed out in Hong Kong to optimizing the use of sludge on 
land. 
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Hong Kong is a vibrant city with a total population of 7 million people and yet 
landfill sites are running out rapidly. Sludge disposal is a headache to the government. 
Parallel to this environmental problem, the search of developable lands for 
infrastructure development has forced the government to open up the natural terrains 
resulting in the formation of countless cut and man-made slopes. The rehabilitation 
of these slopes, mostly underlain by DG, is also an arduous task because of the 
aforesaid problems. Can we make the two ends meet by using sludge as an organic 
amendment material to assist the establishment of grass or other vegetation on the 
degraded slopes dominated by decomposed granite? 
1.2 Conceptual framework 
The study investigates the potential use of sludge as an organic amendment 
material of decomposed granite in the context of slope bioengineering works in Hong 
Kong. Many local slopes, natural or man-made, are underlain by decomposed granite 
and hydroseeded with common Bermudagrass. DG is a semi-weathered skeleton soil 
characterized by infertility and low water-retention capacity. Bermudagrass withers 
in winter due to moisture stress in the soil and is thus unsustainable with time. 
Sludge is a potential amendment material of DG because it contains high organic 
matter and nutrient contents. However, Hong Kong has very stringent rules 
governing the land application of sludge, including its use on slopes. This study, 
therefore, focuses on the feasibility of using sludge as an organic amendment 
material of DG in supporting the growth of Bermudagrass under controlled 
conditions in the greenhouse. It is hoped that one day sludge can be land applied to 
assist the growth of vegetation in the natural environment. 
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This research is divided into two parts (Figure 1.1). Part 1 investigates the 
growth of common Bermudagrass in PVC soil columns packed with decomposed 
granite that has been amended with four loading rates of sludge (0, 12.5, 25 and 50 g 
kg"1 DG) and three loading rates of lime (0,1 and 4 g kg-1 DG). Bermudagrass is one 
of the commonest vegetation cover on slopes in Hong Kong (Hau and Leung, 2004). 
It is believed that the organic matter and nutrients contained in sludge can improve 
the nutrient status and water-retention capacity of the coarse-textured DG. Lime is 
also added to the soil mix to control the release of heavy metals from the sludge that 
is potentially phytotoxic to the grass and unsafe to the environment. 
Specifically, aboveground biomass, uptake of heavy metals by the grass， 
leaching of heavy metals from the soil columns and resultant pH of the soil mix will 
be monitored. There are two purposes in measuring these four parameters. First, 
there is a paucity of information on the growth of common Bermudagrass on DG that 
has been amended with sludge and lime. This information is of practical relevance to 
slope bioengineering works in Hong Kong, where most slopes are underlain by DG 
and hydroseeded with Bermudagrass. The potential use of sludge in land application, 
such as amending the DG on natural slopes, has rarely been investigated locally. The 
results obtained from Part 1 of the study will ascertain the growth response of 
common Bermudagrass to sludge-amended DG in terms of aboveground biomass 
growth, uptake of heavy metals and phytotoxic symptoms. Added to these is the 
environmental concern on the leaching of heavy metals from the soil mix. The 
separate and combined effects of sludge and lime on biomass growth, heavy metal 
uptake and leachate chemistry will be investigated using appropriate methodologies 
in the field. The results obtained from this experiment shall clarify some important 
issues involving the land application of sludge, such as its ecological benefits to 
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Figure 1.1 Conceptual framework of the study 
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grass, grass tolerance and uptake of heavy metals, potential risks to the environment 
and the role of lime in suppressing metal bioavailability. 
Second, we need to determine from Part 1 the optimum loading rates of sludge 
and lime for DG in the growth of Bermudagrass. This is necessitated by the need to 
strike a balance between the benefits of sludge and its potential risks to the 
environment. Over application of sludge is not only harmful to the grass but also 
risky to the ecosystem, including food chain contamination and pollution of nearby 
water bodies. Under application will undermine the beneficial effects of sludge on 
DG and sustained growth of the grass, defeating its use in slope bioengineering 
works. Several growth indicators of Bermudagrass are identified for this purpose, 
including the maximum yield of biomass and relatively low uptake of heavy metals 
and leaching from the soil mix. From a comprehensive analysis of these growth 
indicators, the optimum loading rates of sludge and lime for DG can then be 
identified and used for Part 2 of the study. 
As Part 1 of the study is carried out under controlled conditions in the 
greenhouse, the growth conditions are vastly different from the natural environment. 
In particular, how will Bermudagrass grown in sludge-amended DG on a slope stand 
up to the impact of rainfall? Can sludge amendment moderate the dynamics of 
leachate and surface runoff? Will heavy metals be released readily to the 
environment via leachate, surface runoff and runoff sediments? These are pertinent 
questions related to the field application of sludge on slopes. 
Part 2 of the study, therefore, simulates the effect of rainfall on Bermudagrass 
that has grown on decomposed granite amended with sludge and lime. The sludge 
and lime loading rates that have yielded the highest aboveground biomass and low 
concentrations of heavy metals in the grass and leachate will be adopted in this 
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experiment. Bermudagrass is established on specifically designed panels packed with 
DG that has been amended with the optimum loading rates of sludge and lime. The 
soil panels will then be subjected to rainfall simulation at a slope gradient of 45°, 
under low-intensity (40 mm h_1) and high-intensity (80 mm h_1) rainfall conditions. 
The main objectives of this experiment are to simulate the effects of rainfall on a 
Bermudagrass slope underlain by sludge- and lime-amended DG, with special 
emphasis on the hydrological processes and associated environmental issues. Thus, 
leachate, surface runoff and sediment loss will be monitored and analyzed for heavy 
metals. The concentrations of heavy metals in the surface runoff, leachate and runoff 
sediments, if any, will be compared against known health and environmental 
standards. The results obtained can shed light on the overall response of the 
contemplated slope system, consisting of the Bermudagrass and amended DG, to 
rainfall of different intensities. 
The thesis will wrap up with an integrative discussion on two implications 
arising from the study. These shall include: (i) the potential use of sludge as an 
organic amendment material in slope bioengineering works; and (ii) measures to 
optimize the benefits of sludge in supporting the growth of grass on slope. 
1.3 Objectives of the study 
The present study focuses on the use of sludge as a potential organic 
amendment material of decomposed granite in supporting the growth of common 
Bermudagrass in Hong Kong. Sludge, decomposed granite and Bermudagrass are not 
new locally and they have been investigated separately in the literature with different 
objectives. In the present study, the prime objective is to integrate them innovatively 
in stabilizing and beautifying slopes. Before this is made possible, several 
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fundamental questions must be answered, including inter alia the optimum loading 
rates of sludge, measures to optimize the benefits of sludge, and the environmental 
risks of heavy metals in different slope processes etc. The specific objectives of the 
present study are as follows. 
(i) To investigate the growth of common Bermudagrass on decomposed granite 
amended with sludge and lime, with special emphasis on biomass yield, heavy 
metal uptake and the leaching of heavy metals; 
(ii) To identify the best amendment rates of sludge and lime in the context of slope 
bioengineering works involving the growth of Bermudagrass on decomposed 
granite; 
(iii) To simulate the impact of rainfall on the production of leachate, surface runoff 
and runoff sediments from grassed panels packed with sludge- and 
lime-amended decomposed granite; and 
(iv) To investigate the potential health and environmental risks of heavy metals 
contained in the leachate, surface runoff and runoff sediments generated from 
rainfall simulation. 
In view of the potential risks of sludge and heavy metals, the present study is 
conducted under controlled conditions in the greenhouse and rainfall simulation 
laboratory. 
1.4 Significance of the study 
Sludge is a potential soil amendment material that contains high organic matter 
and nutrient contents. However, the widespread use of sludge in agriculture and other 
land applications is constrained by the presence of heavy metals, which can 
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contaminate food chains and pollute water bodies. This problem can be resolved with 
the addition of lime to suppress the bioavailability of heavy metals in the soil mix. In 
Hong Kong, many of the slopes are underlain by coarse-textured decomposed granite 
that has low nutrient- and water-holding capacities. Because of this, the hydroseeded 
Bermudagrass often suffers from water shortage in the dry season and dies off 
gradually. It is, therefore, fitting to correct these problems by amending the 
decomposed granite with sludge and lime before the establishment of grass. 
Unfortunately, there is a paucity of information on the use of sludge in slope 
bioengineering works. Specifically, what shall be the optimum sludge loading rate 
for decomposed granite in terms of grass growth and heavy metal uptake? In addition, 
if sludge were used to amend decomposed granite on slopes in Hong Kong, will 
heavy metals be released to the environment through leaching, surface runoff and 
runoff sediments? What shall be the environmental risks of these heavy metals? 
These issues are least understood in the literature. This thesis attempts to answer the 
above questions that have rarely been addressed in Hong Kong. The results obtained 
will be of practical relevance in the context of slope bioengineering works and 
ecological rehabilitation. In addition, expanding the land application of sludge can 
alleviate the ever-rising pressure on landfill disposal. 
1.5 Organization of the thesis 
This thesis comprises seven chapters. Chapter 1 serves as the introduction of the 
thesis, covering the research background, conceptual framework, objectives and 
significance of the study. Chapter 2 gives a comprehensive review of the literature 
related to (i) the ecophysiological properties of common Bermudagrass, (ii) sludge 
properties, disposal and its potential agricultural use, (iii) the properties of heavy 
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metals, environmental risks and their effect on grass growth, (iv) the mechanisms 
affecting the bioavailability of heavy metals in sludge including the use of lime, and 
(v) factors affecting infiltration, surface runoff and runoff sediment yield. Chapter 3 
investigates the growth of common Bermudagrass on decomposed granite amended 
with different sludge and lime loading rates in the greenhouse, with special emphasis 
on aboveground biomass. Chapter 4 examines the uptake of heavy metals by 
Bermudagrass in relation to sludge and lime amendments; while Chapter 5 focuses 
on leachate production and the amounts of heavy metals leached. Chapters 3, 4 and 5 
are interrelated and one prime objective is to identify the optimum sludge and lime 
loading rates for the growth of common Bermudagrass on slopes in Hong Kong. This 
is Part 1 of the thesis. 
Chapter 6 constitutes Part 2 of the thesis, dealing with rainfall simulation and 
the subsequent movement of heavy metals in leachate, surface runoff and runoff 
sediments. Common Bermudagrass is grown in soil panels packed with decomposed 
granite, which is amended with the optimum sludge and lime loading rates identified 
in Part 1 of the thesis. The grassed panels are then subjected to the impact of two 
rainfall intensities, viz. 40 mm h_1 and 80 mm h-1. The chapter compares the 
production of leachate, surface runoff and sediment loss, and the heavy metals 
contained therein between the two rainfall intensities. The health and environmental 
risks of heavy metals produced from the land application of sludge will also be 
discussed. Chapter 7 is an integrative conclusion chapter, covering major findings of 






This chapter reviews the various aspects of soil-vegetation relationships, with 
special emphasis on the application of hydroseeding; the growth performance of 
common Bermudagrass; sludge properties, its disposal and effect on plant growth; 
functions of lime and its effect on heavy metal dynamics and plant growth; and the 
effect of precipitation and other factors on leachate, surface runoff and runoff 
sediment production under simulated rainfall conditions. 
2.2 Use of hydroseeding in slope bioengineering works 
Slope bioengineering techniques vary from vegetative cover to using plant 
material for the provision of semi-permanent structures within a slope (GEO, 2001a), 
including hydroseeding, biodrains, geofibre, hydromulching, ON Method, 
TOYO-Mulching, etc. The physical properties of growth substrates, such as 
thickness, compaction and bulk density, are largely heterogeneous among these 
techniques (Chiu, 2004). Hydroseeding is common, simple, easy to construct and 
maintain, and costs less than HK$50 per square meter in 2001. It is applied to soil 
slopes up to a gradient of 45° (GEO, 2001a), and the species used include common 
Bermudagrass (Cynodon dactylon), Paspalum notatum, Lolium perene and Wedelia 
trilobata (Hau and Leung, 2004). 
2.3 Problems associated with hydroseeded slopes 
While the success of hydroseeding depends on site characteristics, soil 
conditions, properties of hydroseeding suspension, species selection and prevention 
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of seed loss through runoff or wind (Albaladejo Montoro et al., 2000), the failure of 
plant works on slopes is associated with soil properties and nutrient and water 
availability (GEO, 2001a). In Hong Kong, hydroseeded slopes are often underlain by 
decomposed granite, which contains low levels of nutrient and organic matter, and 
retains insufficient water. In this connection, moisture content instead of nutrient 
supply was the predominant cause of unsustainable vegetation development (Chiu, 
2004). Consequently, the hydroseeded grasses cannot sustain and green up in spring. 
2.4 Common Bermudagrass used in hydroseeding 
Common Bermudagrass (Cynodon dactylon) is a warm season turfgrass 
originated from Africa, but has now spread to warm climates all over the world 
between latitudes of 45° N and 450 S. It is a fast growing grass and one plant can 
cover an area of 2.5 m2 in just 150 days after germination (Blue Planet Biomes， 
2002). It can be propagated by seeds, stolons or rhizomes, although sprigging rather 
than seeding may result in optimum grass establishment (USDA Forest Service, 
2004). Its creeping ability is manifested once a node has touched the ground (Blue 
Planet Biomes, 2002). 
Common Bermudagrass grows in poor soil and tolerates low reaction pH and 
high salt conditions (USDA Forest Service, 2004). The grass prefers moist and warm 
climate with an annual rainfall of more than 410 mm (USDA Forest Service, 2004)， 
but its performance will deteriorate in poorly drained soils and shaded environment 
(Emmons, 2000). It is relatively resistant to drought (Gilbeault et al., 1989). If the 
upper parts die of drought, the grass continues to grow from its rhizomes. As an early 
successional species, the grass is generally the first to grow back after fires (Blue 
Planet Biomes, 2002). The warm season grass stops growing at temperatures lower 
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than 16°C and turns brown at 7-10°C. It is susceptible to attack by mites, 
bermudascales and rhodesgrass mealybug (Emmons, 2000). 
Common Bermudagrass was introduced to Hong Kong in the late 1970s，for use 
on slopes, reclaimed lands and sports fields. To date, it is one of the commonest 
ground covering vegetation on slopes (Hau and Leung, 2004), mostly established by 
hydroseeding. The grass requires nitrogen for the formation of proteins, chlorophyll 
and growth hormones; phosphorus for energy storage and transfer, formation of 
nucleic acids (Carrow et al., 2001) and root development (Emmons, 2000); 
potassium for osmoregulation and the activation of enzymes (Carrow et al； 2001). 
Unfortunately, where common Bermudagrass is most needed in Hong Kong, the soil 
is usually deficient of organic matter and plant nutrients. Amending the soil with 
digested sludge may resolve some of these problems. 
2.5 Sludge disposal, potentials and problems 
2.5.1 Properties and disposal of sludge 
Sludge comes from sewage treatment plants. Generally, sewage originates from 
industries like electroplating, leather processing, battery and paint manufacture, and 
from households such as faecal matter, detergent, cosmetics，insecticides and paints 
(Matthews, 1992). 
Sludge is heterogeneous in properties. Physically, fully digested sludge is black 
and tarry in color due to the presence of iron sulphides. Its specific gravity depends 
on the nature and proportion of fixed and volatile solids, and water content, 
averaging 0.95-1.25 (Gurjar, 2001). 
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Chemically, sludge contains a large amount of water (Gurjar, 2001). It also 
consists of nutrients like nitrogen (Sabey, 1980), phosphorus and organic matter 
(Wolstenholme et al., 1992), but is deficient in potassium (Sabey, 1980; Matthews, 
1992). One drawback limiting its agricultural use is heavy metals, such as cadmium 
(Cd), chromium (Cr), copper (Cu), lead (Pb), nickel (Ni) and zinc (Zn) (Richards et 
al., 1998; Jacquot et al., 2000; Bermond and Ghestem, 2001; Alvarez et al., 2002; 
Mantovi et al., 2003; Chen et al., 2004). Apart from heavy metals, organic pollutants 
such as polycyclic aromatic hydrocarbons (PAHs) are also present in sludge (Bodzek 
and Janoszka, 1999; Trably et al., 2005; Oleszczuk, 2006). 
Biologically, fresh sludge from primary settling tanks has the same properties as 
wastewater. The pathogenic bacteria, viruses, protozoa, and worms could survive 
during wastewater treatment and are included in the waste solids. They are not fiilly 
destroyed during the normal course of digestion and air drying (Guijar, 2001)，but 
the pathogenic population drops quickly after addition to soil (Sabey, 1980). 
Sludge can be disposed of by different methods, including landfill, incineration, 
agricultural application (Jacquot et al., 2000; Scancar et al., 2000; Guijar, 2001; 
Lyberatos et al” 2004), composting (Scancar et al； 2000; Guijar, 2001), dumping at 
sea (Xiang et al” 2000; Lyberatos et al., 2004), drying, and anaerobic digestion 
(Guijar, 2001). These disposal methods and their percentages vary temporally and 
spatially (Table 2.1). 
Presently, all the sludge produced from sewage treatment works are disposed of 
at the three landfill sites in Hong Kong (C. Wong, personal communication, August 7， 
2007). The daily quantity of sludge disposed of at the landfills was 840 tonnes 
(Drainage Services Department, 2006). 
15 
Table 2.1 Sludge production and disposal methods in various countries 
Country Quantity Disposal method (%) 
(1000 dry tones Agriculture Landfill Incineration Sea Other 
per year) 
Austria 170 18 35 34 0 13 
Belgium 59 29 55 15 0 1 
Denmark 170 54 20 24 0 2 
Finland 150 25 75 0 0 0 
France 865 58 27 15 0 0 
Germany 2681 27 54 14 0 5 
Greece 48 10 90 0 0 0 
Ireland 37 12 45 0 35 8 
Italy 816 33 55 2 0 10 
Japan 很 171 9 35 55 0 1 
Luxembourg 8 12 88 0 0 0 
Netherlands 335 26 51 3 0 20 
Norway 95 56 44 0 0 0 
Spain 350 50 35 5 10 0 
Sweden 200 40 60 0 0 0 
Switzerland 270 45 30 25 0 0 
UK 1107 44 8 7 30 11 
USA 6856 54 18 19 0 9 
Source: as cited in Epstein, 2003; (1) as cited in Wang et al., 2006 
2.5.2 Use of sludge and potential problems 
Sewage sludge has been used in mine land reclamation (Sopper, 1991; Guijar, 
2001), as amendment for reclaimed colliery spoil (Pulford, 1991), in forestry (Arnot 
et al., 1991; Bayes et al., 1991; Lavergne, 1991; Nichols, 1991; Olesen and Mark, 
1991; Taylor and Moffat 1991; Guijar, 2001), in landfills (Beker and Van Den Berg, 
1991; Blakey, 1991; Cossu，1991), and as a source of energy (Frost and Bruce, 1991; 
Guijar, 2001). Indeed, land application is both cost-effective and economical in 
utilizing sludge (Matthews, 1992; Smith, 1996). 
Sludge contains organic matter (Jacquot et al., 2000; Kaschl et al, 2002; Liu et 
al” 2005; Jalali and Khanlari, 2006; Luczkiewicz, 2006)，which improves soil 
structure, increases the number of macropores, enhances water retention (Emmons, 
2000)，provides plant nutrients, improves aeration (Sabey, 1980), stabilizes 
aggregates (Le Bissonnais, 1996) and allows root penetration. As a result, plants 
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grow better (Sabey, 1980), and runoff and erosion are reduced. All these factors are 
important in soil restoration (Wolstenholme et al., 1992), especially in soil 
destruction sites. Consequently, bringing in expensive topsoil becomes unnecessary 
because sludge could be mixed with soil and used as topsoil (Matthews, 1992). 
In addition to organic matter, sludge contains N, P (Wolstenholme et al., 1992; 
Scancar et al., 2000; Gurjar, 2001)，and small amount of K (Sabey, 1980; Guijar, 
2001), which are useful for agricultural fertilization (Scancar et al., 2000). 
When sludge is applied, the nutrients are in fact present in both organic and 
inorganic forms. Only a certain amount of the nutrients contained in sewage sludge is 
available for uptake during the first plant growing season after application. The 
remaining amount of nutrients are stored in organic molecules in sludge, and only 
become bioavailable after mineralization. Indeed, Sabey (1980) found that 
potentially 30% of the total N is immediately available for plant uptake. Even with 
excellent management, only 40 to 50% of the N is available during the first year, 
depending on the inorganic proportion of the total N (Sabey, 1980). This implies that 
nutrients stored in sludge are released more slowly than in chemical fertilizers, and 
thus the potential leaching to water bodies and fertilizer burn are less likely to 
happen. According to Sabey (1980), the sustainability of sludge as an N provider can 
last for 5 years. The lower decomposition rate of sludge than most fresh organic 
residues could be accounted for by smaller amount of soluble organic carbon 
compounds and nutrients for microbial growth. Consequently, the level of soil 
organic matter is increased and sustained for a longer period of time. 
In terms of the amount of nutrients present in sludge, one tonne of digested and 
dewatered sludge contains N equivalent to 60 kg of ammonium sulphate, and 
calcium (Ca) equivalent to 150 kg of calcium carbonate (Guijar, 2001). As sewage 
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sludge is so rich in P, there is no need for mineral P fertilization (Smith, 1996; 
Lyberatos et al. 2004). Potassium, mostly in inorganic form, is readily available for 
plant uptake (Sabey, 1980). Many of the metals present in sludge, such as zinc and 
copper, are useful micronutrients (Matthews, 1992). Sludge is superior to peat as it 
contains more nutrients and possesses a narrower C:N ratio (Ngar, 1993). Thus, 
common Bermudagrass was found to grow better in soil amended with sludge than 
with peat. Despite these benefits, there are limitations in the use of sludge as an 
amendment material. 
One major drawback of sludge is its heterogeneous property. The amount of 
nutrients and harmful substances, such as heavy metals and pathogens, fluctuates 
with input from the metal industry (Scancar et al., 2000; Karvelas et al., 2003), urban 
sources (Karvelas et al.，2003), sewage type, waste water volume and treatment 
procedures (Crompton, 2001). Seasonal fluctuation of climatic factors could also be a 
contributory factor due to different rates of chemical and biological reactions (Yip, 
1976). As a result, the stability of sludge properties undermines its usage on 
agricultural lands not to mention the potential risk of heavy metals. 
Sludge is potentially hazardous to the environment. It contains pathogens 
(Matthews, 1992; Guijar, 2001), organic pollutants (Bodzek and Janoszka, 1999; 
Trably et al., 2005; Oleszczuk, 2006) and heavy metals (Cheung, 1981; Ngar, 1993; 
Richards et al., 1998; Jacquot et al, 2000; Scancar et al., 2000; Bermond and 
Ghestem, 2001; Crompton, 2001; Alvarez et al., 2002; Mantovi et al., 2003; Chen et 
al., 2004). The pathogenic bacteria, viruses, protozoa and worms could survive 
during wastewater treatment and may not be completely eradicated during normal 
digestion and air drying (Guijar, 2001). Nevertheless, if anaerobic digestion is 
successfully practised, the pathogenic organisms of raw sewage sludge can be 
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reduced to make sludge less noxious (Oswell and Rootham, 1992). When sludge is 
incorporated into soil, pathogenic population drops drastically as a result of the 
antagonistic impacts of saprophytic soil organisms, predation, or other unfavorable 
environmental circumstances (Sabey, 1980). 
Regarding organic pollutants, PAHs are of particular interest as they are 
potentially toxic and carcinogenic. Because of their low water solubility and high 
affinity for organic matter, PAHs are readily adsorbed on hydrophobic organic 
surfaces such as sludge, and may contaminate agricultural soils by spreading (Trably 
et al., 2005). 
2.5.3 Heavy metals in sludge 
Sludge contains much higher concentrations of heavy metals than the soils to 
which they are applied (McBride et al., 2004). For instance, Cd doubled and Cu 
increased by 50% in Thai soil amended with sludge whereas in amended Danish soil, 
Cd, Cu and Pb contents increased by 2.5 to 5 times (Sukreeyapongse et al., 2002). As 
heavy metals are toxic to organisms once their concentration reaches a certain level, 
different guidelines are set up in the land application of sludge (Table 2.2). 
Table 2.2 Concentration limits of heavy metals in sludge used for land 
application 
Heavy metal US(1) EU The Netherlands Sweden Denmark Germany 
mg kg-1 (dry weight) 
Cd 39 20-40 1.25 2 0.8 5-10 
Cr 1200(2) - 75 100 100 900 
Cu 1500 1000-1750 75 600 1000 800 
Ni 420 300-400 30 50 30 200 
Pb 300 750-1200 100 100 60-120 900 
Zn 2800 2500-4000 300 800 4000 2000-2500 
"(1)USEPA regulations 40 CFR 503. 
(2) Cr subsequently deleted from regulations 
Source: Epstein, 2003. 
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Soil pH is an important factor affecting the speciation and lability of heavy 
metals. As reported by Matthews (1992), the maximum permissible concentration of 
heavy metals in soil would be pH-dependent (Table 2.3). 
Table 2.3 Maximum permissible concentration in soil for six heavy metals 
under various pH conditions 
Heavy metal Maximum permissible concentration in soil (mg kg-1 dry solids) 
5.0<pH<5.5 � 5.5<pH<6.0 � 6.0<pH<7.0 p H > 7 . 0 ( 2 ) ~ 
Cu 80 100 135 200 
Ni 50 60 75 110 
Zn 200 250 300 450 
pH>5.0 
Cd ^ 3~~ 
Cr 400 (provisional) 
Pb 300 
(1) For soils of pH in these ranges, the permitted concentrations of Zn, Cu, Ni and Cd are 
provisional and were to be reviewed when research into their effects on certain crops and 
livestock was completed. 
(2) The increased permissible potentially toxic element concentration in soils of pH greater than 
7.0 applies only to soils containing more than 5 % calcium carbonate. 
Source: Matthews, 1992. 
Although the concentration limits vary with countries and pH conditions, the 
sequence in the concentrations of the six heavy metals are similar, being highest for 
Zn and lowest for Cd (Tables 2.2 and 2.3). Zinc is either less bioavailable to plants or 
less toxic to the ecosystem than Cd, depending on soil properties and plant species. 
The major detrimental effects pertinent to heavy metals include lowering soil 
fertility (Jacquot et al., 2000; Keller et al, 2002), creating phytotoxicity (Richards et 
al., 1998; Chen et al., 2004), entering food chains (Jacquot et al., 2000; Khan et al., 
2000; Bermond and Ghestem, 2001; Crompton, 2001; Keller et al., 2002), polluting 
water bodies (Smith, 1996; Richards et al., 1998; Bermond and Ghestem, 2001; 
Crompton, 2001; Keller et al, 2002; Mantovi et al, 2003), and doing harm on 
human health (Richards et al., 1998; Jacquot et al； 2000; Chen et al, 2004). 
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According to Duffus (2001), heavy metals are conveniently classified according 
to density or specific gravity, atomic weight or mass, or atomic number (Appendix 
2.1). In terms of atomic number, it must be greater than 20 (calcium) or between 21 
(scandium) and 92 (uranium) (Lyman, 1995). 
In recent years, definitions based on specific gravity are becoming popular. For 
instance, heavy metals are either defined as metallic elements that have densities 
greater than 5 Mg m"3 (Carrow et al., 2001; Epstein 2003; Life Extension Foundation, 
2004)，or in excess of 6 Mg m"3 (Blake and Goulding, 2002). 
Heavy metals come from natural pedogenic processes (Katabata-Pendias, 2001) 
and, more importantly, anthropogenic activities (Karvelas et al., 2003). The greatest 
anthropogenic contributors include emissions from municipal waste incinerators, car 
exhausts, residues from metalliferous mining and smelting industry (Chen et al.， 
2003)，pesticides (Chen et al., 2003; Mantovi et al., 2003), the use of phosphate 
(Sukreeyapongse et al., 2002) and chemical fertilizers (Chen et al., 2003; Mantovi et 
al., 2003), application of sewage sludge and manure, and atmospheric deposition 
(Sukreeyapongse et al., 2002; Mantovi et al., 2003). 
Heavy metals commonly found in sludge include Cd, Cr, Cu, Pb, Ni and Zn 
(Blake and Goulding, 2002; McBride et al., 2004; United Nations Atlas of the 
Oceans, 2004). These metals are the principal elements limiting sludge recycling to 
agricultural land (Alvarez et al., 2002). Notwithstanding this, Cu, Ni and Zn are 




Cadmium is a natural element in soils and geological material (Crompton，2001; 
Epstein, 2003)，P-fertilizers (Smith, 1996; Crompton, 2001)，motor oils, car tyres 
(Crompton, 2001), batteries, land application wastes or waste products, coated metals, 
smeltering and purification of metal ores, and smoking, as the tobacco plant grows in 
acidic soil and accumulates Cd in the leaves (Epstein，2003). 
Cadmium is regarded as the heavy metal of greatest concern in the land 
application of sludge (Sabey, 1980). It is more mobile and soluble than other metals 
in soils (Chen et al., 2000), readily uptaken by plants (Crompton, 2001), and could 
be highly phytotoxic (Chen et al., 2003). Furthermore, Cd accumulates in the food 
chain (Guijar, 2001). 
Cadmium is not essential to animals and man (Epstein, 2003). Rather, Cd is 
notorious for its high toxicity to almost all biota, including humans (Kaschl et al., 
2002; Epstein, 2003), and its high mobility in the terrestrial environment (Kaschl et 
al.’ 2002). 
2.5.3.2 Chromium 
Chromium exists in low redox forms in soils: chromic (Cr3+) and chromate 
(Cr6+)，with Cr6+ being rapidly reduced to Cr3+ by organic matter or other reducing 
agents in soils. Plant uptake of Cr is very limited because Cr6+ is reduced in the roots 
to Cr3+ and is not translocated to the above portions of the plant. Therefore, the Cr3+ 
found in sludge would not be too detrimental to plant (Sabey, 1980; Epstein, 2003). 
Nevertheless, when Cr6+ becomes available, it is phytotoxic and is manifested by 
reduced root development (Epstein, 2003). Because crops usually have low Cr levels, 
the food chain is protected against excess Cr in plant tissues. As for humans, Cr is 
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not a major concern to health due to low levels in plants. Nevertheless, certain 
chemical forms have been shown to be mutagenic and carcinogenic (Epstein, 2003). 
2.5.3.3 Copper 
Copper has been added as diet additive to swine for the stimulation of 
haemoglobin synthesis and the activation of DNA syntheses, oxidative enzymes, 
enzyme digestion and protein metabolism (Foulkes et al., 2006). It is consequently 
excreted in the manure. Copper also comes from electroplating industry and 
household plumbing (Lai and Cheung, 1999). Existing in enzymes and plant proteins, 
Cu plays an important role in photosynthesis and respiration (Epstein, 2003). 
Enzymes containing Cu play a role in mitochondria (site of cell respiration) electron 
transport (Carrow et al., 2001). 
It is more common for Cu deficiency to occur in agriculture than toxicity. 
Copper is often added to agricultural crops grown on sandy soils, and concentrations 
of less than 5 mg kg-1 are indicative of deficiency in many species, which would 
result in depressed growth and reproduction. Deficiency symptoms include chlorosis 
(white tip, reclamation disease), necrosis, leaf distortion and dieback. On the other 
hand, application of materials with high Cu levels such as manure or sludge may 
result in Cu toxicities. Moreover, uptake of iron, manganese, zinc and molybdenum 
is suppressed and root growth is inhibited by excessive Cu (Carrow et al” 2001). 
Copper is essential to animals and man; it is associated with Cu proteins and 
enzymes. High exposure is toxic to animals and sheep is particularly sensitive to Cu. 
It is also toxic to man although poisoning is rare (Epstein, 2003). 
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2.5.3.4 Nickel 
Nickel is ubiquitous in the environment. Application of P-fertilizers, coal, fly 
ash and sludge could increase soil Ni and its uptake in plants (Epstein, 2003). Nickel 
is essential to plants, animals and man, but may be toxic depending on the 
concentration level (Epstein, 2003). According to Carrow et al. (2001), crop plants 
may contain Ni of 1.0-10.0 mg kg-1 in vegetative tissue, and toxicities have been 
observed averaging 10-50 mg kg-1 for sensitive plants and 50-110 mg kg-1 for 
moderately tolerant plants. Phytotoxicity may cause chlorosis and reduce plant 
growth prior to reaching levels that are harmful to animals and man. As a 
consequence, toxicity to humans is low (Epstein, 2003). 
The levels of Ni in sludge are unlikely to endanger animals consuming crops 
grown on sludge-amended soil (Epstein, 2003) although Scancar et al. (2000) were 
against the agricultural use of sludge due to nickel's high concentration and mobility. 
2.5.3.5 Lead 
Worldwide soils contain Pb, some of which is from natural geological sources 
while the other is from leaded gasoline, paints, emission sources (Epstein, 2003) and 
electroplating industry (Lai and Cheung, 1999). Most Pb in soil exists in sparingly 
soluble forms (Crompton, 2001), and is relatively non-bioavailable and immobile 
(Chen et al., 2000). Remaining at the surface and not readily moving through the soil 
profile, Pb contributes to a very low potential for groundwater contamination Tthe 
reaction of Pb in soil is affected by adsorption by the soil cation exchange complex, 
precipitation by sparingly soluble compounds, and the formation of relatively stable 
complex ions or chelates resulting from interaction with soil organic matter (Epstein, 
2003). 
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Lead is not essential to plants. Phytotoxicity to plants is rare despite reports of 
elevated levels in plants. Plants could uptake Pb into the roots, but little is 
translocated to the upper portion of the plants as a result of the formation of insoluble 
Pb-phosphate in the roots. Consequently, food chain is protected from excess Pb. 
Lead is not an essential element to humans and animals. It is toxic to humans and 
there has been an increased concern for its toxicity to children in the past several 
decades (Epstein, 2003). 
2.5.3.6 Zinc 
Zinc is a common contaminant. It is commonly found in swine's diet (Foulkes 
et al； 2006), phosphate fertilizers, atmospheric deposition (Epstein, 2003), 
electroplating industry, household plumbing (Lai and Cheung, 1999)，municipal 
wastes，industrial effluents, sewage sludge, residues from metalliferous mining, and 
smelting factories (Luo et al., 2000). 
Zinc ions are key structural or catalytic components in DNA binding proteins 
and hydrolytic enzymes. It influences carbohydrate metabolism through several 
Zn-dependent enzymes like carbonic anhydrase (Carrow et al., 2001). Zinc is 
essential to plants but is phytotoxic (Epstein, 2003), resulting in reduced crop yields 
and contamination of the food chain (Luo et al., 2000). It is hardly deficient and 
toxic to turfgrasses (Carrow et al., 2001). 
2.5.4 Speciation of heavy metals 
Heavy metals in soil can be partitioned into five fractions: (i) exchangeable or 
soluble, (ii) bound to carbonate or weakly adsorbed on colloids, (iii) bound to 
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iron-manganese (Fe-Mn) oxides, (iv) bound to organic matter, and (v) residuals or 
minerals (Lake, 1984; Epstein, 2003). These forms often exist in a complex 
equilibrium governed by many soil factors and properties (Khan et al., 2000). 
Any shifting of equilibrium means a change in the amount of different fractions. 
For example, any depletion of the bioavailable pool due to plant uptake or leaching 
would give rise to the continuous release from other fractions for replenishment, 
although the extent is soil specific (Khan et al, 2000; Impellitteri et al, 2001). The 
rise in metal bioavailability in sludge-amended soil was also believed to be buffered 
and contained by the transfer of heavy metals into less labile organic complexes, 
adsorption complexes and insoluble salts, while some fractions of the heavy metals 
remaining in the sludge are resistant and are only released very slowly (Smith, 1996). 
Among the five fractions of heavy metals, not all of them are available for plant 
uptake. Only water soluble and exchangeable fractions are mobile and bioavailable, 
while other fractions, the residual fraction in particular, are immobile and bound 
tightly (Jalali and Khanlari, 2006). Wong et al. (2002) had similar view except that 
carbonate-bound fraction is potentially bioavailable. Consequently, the determination 
of total elements in sludge might not give an accurate estimation of the potential 
environmental impact (Alvarez et al., 2002). 
2.5.5 Factors affecting the bioavailability of heavy metals 
2.5.5.1 Reaction pH 
The solubility of most heavy metals increases with soil acidity (Sabey, 1980; 
Epstein, 2003). Soil acidification results in metal mobilization, leaching and 
enhanced plant uptake (Blake and Goulding, 2002). Generally, the soluble or 
exchangeable metals increase while the specifically adsorbed ones decrease with a 
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drop in soil pH. The organically bound heavy metals are positively correlated with 
soil organic matter, so is the Fe-Mn oxide fraction with free Fe and Mn at high pH. 
Residual metals are similarly correlated with soil pH (Sims and Patrick, 1978; 
Iyengar et al 1981; Sims 1986; Singh ^ a/., 1988). 
If only the bioavailable fraction is taken into consideration, an increase in soil 
pH would suppress heavy metal uptake by plants and the opposite would occur with 
a drop in pH (Smith, 1996). For instance, soil solution Cd and Zn dramatically 
decreased at soil pH exceeding 5.5 and 5.1, respectively (Basta and Sloan, 1999). 
They also found that plant uptake of Cd and Zn was greater for non-alkaline sludge 
than limed-sludge. Indeed, the mobility of toxic metals in sludge-amended soil at 
neutral or slightly alkaline pH is relatively low (Scancar et al., 2000) and Epstein 
(2003) found a 100-fold decrease in activity of Cu and Zn for each unit increase in 
soil pH. Furthermore, low pH may modify metal speciation after sludge application 
to soil and increase bioavailability to plants while high pH could inhibit heavy metal 
transport in soil (Lyberatos et al, 2004). Cadmium is one of the most sensitive to 
increased soil acidity with effective mobilization occurring at pH 5.5-6.0, followed 
by Cu, Ni and Zn at pH 5.0-5.5, while Pb is not mobilized until pH drops to below 
4.5 (Blake and Goulding, 2002). The maximum concentrations of exchangeable Cd 
and Zn were found at about pH 4, and Cu, Ni and Pb at pH below 4. In a nutshell, 
alkaline soil pH suppresses the solubility of heavy metals through the two 
mechanisms below. 
(a) Adsorption 
Soil solids with pH-dependent charge tend to deprotonate with increasing pH. 
Metal in solution could then be attracted towards these negatively charged, 
deprotonated sites. Moreover, there is less proton competition for fixed charge sites 
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under higher pH conditions. For instance, the adsorption of Cd2+ increased with 
increasing phosphate adsorption and pH (Bolan et al, 2003a). As a corollary, metal 
desorption would increase with decreasing pH (Impellitteri et al., 2001). 
(b) Formation of precipitate 
Under high pH conditions, there would be more anions for precipitate formation 
with heavy metals (Epstein 2003). In non-calcareous soils, for instance, the solubility 
of Pb is reduced by precipitation with hydroxide to form Pb(OH)2 and phosphate to 
form Pb3(PC>4) 2. In calcareous soils, lead carbonate (PbCC>3) is also dominant. While 
precipitation of metals is unlikely to happen in normal soils, the process is 
particularly active in metal-contaminated soils under alkaline conditions (Bolan et al., 
2003b). 
2.5.5.2 Organic matter 
Organic matter could bind, complex (Smith, 1996; Epstein, 2003) and render 
certain heavy metals unavailable to plants (Epstein, 2003). Organic matter has a 
higher cation exchange capacity than the mineral fraction of soils, which plays a 
pivotal role in binding Cd, Cu, Ni and Zn (McGowen and Basta, 2001; Epstein, 
2003). Besides, organic matter could chelate heavy metals and this process is more 
important than adsorption on the exchange sites (Epstein, 2003). The chelation 
process is affected by pH of the amended soil substrate, concentrations of metals and 
chelates, and stability constants of chelate-metal complexes (Sabey, 1980). 
Thus, the rate of organic matter decomposition would affect the effectiveness 
and efficiency of heavy metal immobilization. At first, the decomposition rate is 
rapid when the soluble carbohydrates, fats and some proteins are microbially 
metabolized. Once these fractions are assimilated by microorganisms, hemicellulose, 
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cellulose and lignin, which play significant role in metal binding, are slow to 
decompose. Sludge contains 50-60% organic matter and the rest is inert substances. 
Within the organic fraction, only 40-50% is decomposed rapidly. It is unlikely that all 
the organic matter will disappear and render the bound metals available to plants 
(Epstein，2003). 
The predominant form of organic matter may also affect metal availability. 
Well-decomposed organic matter, such as mucks, peat humus and lignin was found to 
react with Zn to form insoluble complexes. On the other hand, organic acids or fulvic 
acid can form soluble chelates with Zn in much the same way as root exudates, 
thereby increasing Zn availability. These soluble chelates are frequently found in less 
decomposed organic matter (Carrow et al., 2001). 
2.5.5.3 Fertilizers 
Fertilizers are added to soil supply one or more essential elements for plant 
growth. For turfgrasses, the nutrient elements are usually lost in clipping removal, 
leaching, surface runoff, sediment removal, volatilization and denitrification (Carrow 
et al” 2001). Some of the added substances can react with heavy metals. For instance, 
N fertilizers can acidify the soil and increased the solubility of Cd to toxic levels 
(Blake and Goulding, 2002). In contrast, P fertilizers can fix heavy metals and reduce 
their phytotoxicity in contaminated soils (McGowen and Basta, 2001). 
2.5.6 Effect of heavy metals on plant growth 
Most heavy metals present in soils are chemically unreactive and relatively 
immobile. They are usually absorbed by plants in small quantities because of their 
limited supply in soil (Cu, Ni, Zn) or physiological relevance (Cd, Cr, Pb) (Mantovi 
etaL, 2003). 
29 
The uptake of heavy metals by plants involves several mechanisms. First, heavy 
metals must be mobile enough to move from the soil to the plant root for being 
uptaken. As water moves through the soil, it solubilizes plant nutrients and heavy 
metals (Epstein, 2003). The metal uptake depends on the ability of the plants in 
transferring the metals across the soil-root interface, which is an active boundary 
with specific characteristics that vary with species and the particular element. For 
example, cation exchange capacity is generally greater for dicots than for monocots 
(Calace et al., 2002). In addition, the soil environment surrounding the roots could be 
strongly influenced by root exudates. On top of the transfer across cell walls of the 
roots, there is also the occurrence of dissolution, chelation and precipitation outside 
the roots (Calace et al., 2002). Once the metals enter the root system, they move to 
and are released into the xylem sap, followed by movement into the xylem sap to 
plant tissues in the aboveground parts (Epstein, 2003). Some of the heavy metals are 
left in the underground storage organs (Calace et al., 2002). 
When heavy metals enter the plant, phytotoxic effects may appear. For example, 
increasing addition of Cd enhances its concentration in plants, resulting in reduced 
plant growth in terms of dry matter yield (Bolan et al., 2003a, 2003b). Similar result 
was found for Zn in red clover grown on contaminated soil; it approached or 
exceeded the phytotoxic levels of 250-350 mg kg-1, resulting in decreased yield 
(McBride et al 2004). Of course, the drop in dry matter yield might also be due to 
the deficiency of macronutrients caused by the displacement of base cations by 
heavy metals (Derome and Lindroos, 1998). On the contrary, most grasses are 
tolerant of high concentrations of heavy metals compared to vegetables, corn, small 
grains and soya beans (Sabey, 1980). 
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2.5.7 Effect of heavy metals on animals and water bodies 
The entrance of metals into grass and crops is potentially hazardous to 
secondary consumers (Lai and Cheung, 1999; Crompton, 2001; Mantovi et al., 2003). 
The higher the heavy metal contents in food, the higher the level of accumulation in 
the body of consumer (Cheung, 1981). Earthworms could accumulate a large amount 
of Cd and organic compounds in their tissues, resulting in contamination of the food 
chain at higher trophic levels (Smith, 1996; Epstein, 2003). With the exception of Cd, 
heavy metals in sludge are not expected to affect human health through accumulation 
in food and fodder plants (Matthews, 1992). Indeed, cumulative heavy metal 
loadings would have a significant impact on crops and soil biota only if the sludge 
had been applied to the field for several decades (McBride et al., 2004). 
The mobilization of heavy metals into groundwater depends on soil properties, 
water status, the balance of solubilized soil-bound metals and metal uptake by plant. 
It is possible to have chelate-metal moving into groundwater (Shen et al., 2002), and 
the leaching of a particular metal salt when it becomes very soluble in rain. 
Nevertheless, a low seasonal rainfall would mean a low loss by leaching, resulting in 
increased levels in crops (Crompton, 2001) if that metal is in bioavailable form. 
Additionally, metals migrating from soil by rainwater to the aquifer and 
subsequent rivers might be collected in water treatment plants, posing another health 
hazard to humans. More importantly, heavy rainfall might give rise to a sudden surge 
of toxicant leaching to the watercourse, leading to fish kills in adjacent rivers 
(Crompton, 2001). 
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2.6 Lime, heavy metals and plant growth 
2.6.1 Effect of lime on heavy metal dynamics 
Lime has long been used in agriculture in neutralizing acidic soil. Common 
limes include limestone, slacked lime, quicklime and dolomite, many of which have 
been used to suppress heavy metal release in contaminated soils through the 
following mechanisms. 
2.6.1.1 Competition with heavy metals for adsorption sites 
Cations with similar electric charges and size may have similar attractive force 
towards a certain electronegative region, resulting in keen competition with each 
) I I 
other. For instance, the bivalent cations of Ca and Mg often compete effectively 
with Cd2+ for binding sites on humic acids (Kretzschmar et al., 2001). This 
competitive phenomenon could be found in soil solution after the addition of lime. 
Comparing the effect between Ca(OH)2 and KOH, Bolan et al. (2003b) found that 
參 2+ 參 • 參 • 
pH increase enhances the adsorption of Cd and that Cd adsorption is higher in the 
KOH-treated soil than the Ca(OH)2-treated soil. The finding shows that Cd2+ has 
been in competition with Ca2+ for adsorption sites. In addition, Ca2+ added through 
liming not only benefits plant health but also suppresses Cd2+ uptake by competing 
for exchange sites at the root surface (Bolan et al” 2003b). To reduce the competition 
between Ca2+ and Cd2十麥 CaC〇3 should be used as it dissolves very slowly. 
2.6.1.2 Immobilization of heavy metals 
Lime addition enhances the transformation of bioavailable Cd fraction to less 
mobile fraction (Bolan et al, 2003b). Basta and Sloan (1999) found that soil solution 
Cd and Zn decrease in the order of anaerobic-digested sludge, lime-stabilized sludge 
and agricultural limestone. This means that limed sludge can suppress the 
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bioavailability of Cd and Zn. In addition, Cd and Zn in soil solution increase with the 
application of anaerobic-digested sludge but decrease with lime-stabilised sludge. 
When lime was used to co-compost sewage sludge, exchangeable and acid 
extractable Cu, Pb and Zn were greatly reduced (Wong and Selvam, 2006). The 
finding is no different to the principle of adding lime to remove toxic metals during 
the sedimentation of sewage (Oswell and Rootham，1992). 
The effect of lime on metal immobilization is due partly to the raised pH and 
partly to the interactions among the added chemicals and heavy metals. 
Immobilization linked to the addition of lime could be achieved through adsorption 
on colloidal surface, precipitation, and inorganic complexation. 
Colloidal surface is negatively charged under high pH conditions, hence capable 
of adsorbing the toxic heavy metals. This effect can be enhanced with the addition of 
Ca(OH)2 and KOH, as in the adsorption of Cd on the exchange sites (Bolan et al., 
2003b). 
Liming materials raise pH, resulting in a change of solubility of compounds. 
The formation of precipitates occurs when the ion activity product in the solution 
exceeds the solubility product of that phase (Bolan et al., 2003a). Also, as there 
might be increased amount of hydroxides and carbonates, heavy metal precipitates 
could be formed. According to McGowen and Basta (2001), metal-carbonate 
minerals are formed with the addition of carbonate-rich limestone. This would 
decrease heavy metal solubility and reduce metal mobility and transport. While Cu is 
easily precipitated and immobilized as a result of liming (Helmisaari et al., 1999), Pb 
would form precipitates with carbonates and hydroxide (McBride, 1994). 
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Some heavy metals may form complexes with certain inorganic compounds. For 
instance, the addition of Ca(OH)2 reduces the concentration of soluble and 
exchangeable Cd fraction but increases the concentration of inorganically bound Cd 
fraction (Bolan et al., 2003b). 
2.6.2 Effect of lime on plant growth 
Lime enhances plant growth by neutralizing soil acidity, suppressing the 
bioavailability of selected toxic metals (Bolan et al., 2003b) and improving the 
availability of base cations (Derome and Lindroos，1998). Despite these benefits, 
liming can also enhance the mineralization of organic matter and hence the release of 
heavy metals bound to it (Blake and Goulding, 2002). The use of alkaline sludge 
may generate dissolved organic carbon that can form soluble complexes with metals, 
thereby facilitating their transport (Bolan et al., 2003b). In addition to the formation 
of organo-metal complex，Ca addition in the form of lime also inhibits the 
translocation of metal from root to shoot (Bolan et al., 2003b). Therefore, metal 
nutrients might not be utilized by different parts of a plant. 
Inappropriate rate of liming is also detrimental to plant growth. Bolan et al. 
(2003b) found that at the highest rate of liming, the lime-borne Ca2+ increases the 
I 
concentration of Cd in soil solution due to competition for adsorption sites, 
resulting in increased uptake by plants. Excessive liming may also lead to P-fixation 
by calcium and magnesium (Emmons, 2000)，resulting in less adsorption sites of 
phosphates for heavy metals. Furthermore, extreme alkalinity lowers microorganism 
activities. 
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2.7 Effect of precipitation on slopes 
2.7.1 Infiltration 
Infiltration refers to the penetration of water into soil pores. The gradient of 
matric potential and gravity are the two driving forces of infiltration (Miyazaki, 
1993). Infiltration rate is defined as the volume flux of water flowing into the profile 
per unit of soil surface under any set of circumstances (Shainberg and Levy, 1996) 
while infiltration capacity refers to the maximum infiltration rate of a soil, or the 
infiltration rate of ponded water (Miyazaki, 1993). 
When infiltration begins on a slope during a rainstorm, the wetting front and 
contour of matric potential move downward parallel to the slope surface. This may 
be applicable to the top, middle and bottom parts of natural slopes, excluding the 
shoulder or the foot where the advancement of equipotential lines might be affected 
by the concentration or diversion of subsurface water flow (Miyazaki, 1993). 
Moving down parallel to slope surface does not mean a straight wetting front; 
fluxes of water in soils vary in terms of magnitudes and directions in accordance 
with the spatial variability of the hydraulic properties of soils. The directions of 
streamlines may be curved when hydraulic properties vary continuously with 
position in soils. This is linked with preferential flow, in which water and chemical 
movement through a porous medium follows favored routes bypassing other parts of 
the medium (Luxmoore and Ferrand, 1993). 
Comparing water quality between precipitation and outflow water, the concept 
of "old water" and "new water" was introduced by Luxmoore and Ferrand (1993). 
"Old water" in a drained field soil is contained in micropores, which are pores 
retaining water by surface tensions greater than that at field capacity. "New water" is 
simply the water from precipitation events. Two mechanisms were proposed: (i) the 
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displacement of old water by new water having different water quality, and (ii) the 
rapid throughflow of new water bypassing the old water through preferential flow 
channels in the soil. During infiltration, initially contained water (old water) near the 
wetting front in the wet sand was pushed out by newly penetrated water (new water) 
(Miyazaki, 1993). This finding is important to understanding what is happening 
when the infiltrated water is contaminated or when unpolluted water infiltrates wet 
and polluted soils. 
During the early stage of infiltration, the wetting front is located near to the land 
surface. The high matric head gradient at the wetting front results in a high 
infiltration capacity (Miyazaki, 1993), especially true if the initial soil is dry. As time 
goes on, the infiltration capacity follows a monotonic decrease to reach a constant 
rate asymptotically, owing to a drop in the matric suction gradient when infiltration 
proceeds (Shainberg and Levy, 1996). 
Factors affecting infiltration include initial water content, soil physical 
properties pertinent to swelling, shrinkage and dispersion of soil particles, 
heterogeneity of soils, water temperature, solute concentration and other 
environmental conditions (Miyazaki, 1993). The factors most relevant to the present 
study are reviewed below. 
(a) Soil texture 
A sandy non-compacted soil has a high infiltration rate, rapid drainage, and a 
relatively low water-storage capacity. Conversely, a clayey soil exhibits a low 
infiltration rate, slow drainage, and a relatively better water retention. This is related 
to the behaviour of soil water, which in turn depends on the ratio of macropores to 
micropores in the soil (Emmons, 2000). The capillary pressure in a fine-grained soil 
hinders the entrance of water into larger pores of a coarse soil (Miyazaki, 1993). 
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(b) Soil structure and surface crust formation 
The impact energy of raindrops tends to break down soil structure, which leads 
to crust formation on a soil surface (Miyazaki, 1993; Shainberg and Levy, 1996). The 
tendency of soils to form seals depends on the stability of their structure, which tends 
to increase with clay (Shainberg and Levy, 1996) and organic matter contents. 
The infiltration rate of a sealed soil is affected by the hydraulic conductivity of 
the crust formed at the soil surface (Shainberg and Levy, 1996). A surface crust 
reduces both the permeability of the topsoil layer and the infiltration capacity 
(Miyazaki, 1993). For instance, the average infiltration rate of non-encrustation soil 
was 1.25 times that of encrustation soil in the Loess Plateau (Wu and Fan, 2005). 
Twenty minutes after the start of rain, bottom drainage is found to drop drastically 
asymptotically to zero (Miyazaki, 1993). In other words, infiltration tends to stop in 
the end owing to the formation of surface crust. 
(c) Antecedent moisture content 
The infiltration capacity of a dry soil is larger than that of a wet soil because of 
the higher matric head gradient at the wetting front (Miyazaki, 1993). Antecedent 
moisture content, together with aging duration, also affects surface structural stability 
and its resistance to seal formation. Many studies on the effect of antecedent 
moisture content had either neglected the wetting rate or underestimated the 
compounding effect of aging (Mamedov et al., 2006). 
(d) Vegetation cover 
The formation of surface crust as a result of raindrop impact is likely to lower 
infiltration rate for bare soils but not vegetated soils. Vegetation helps to reduce 
raindrop energy. Consequently, infiltration rate is likely higher in vegetated soils than 
bare soils (Miyazaki, 1993). 
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2.7.2 Surface runoff 
Runoff commences whenever rainfall intensity is greater than the infiltration 
capacity of the soil, provided that there are no physical obstructions to surface flow 
(Morin, 1996). Hortonian overland flow and saturated overland flow are typical types 
of runoff. 
Surface runoff and infiltration is interrelated by the equation 1= P-SR, where /， 
P and SR are infiltration, precipitation and surface runoff, respectively (Miyazaki, 
1993). For the same amount of precipitation, an increase in infiltration means a 
decrease in surface runoff. Therefore, factors affecting infiltration (section 2.7.1) also 
influence surface runoff, albeit oppositely. In other words, a clayey soil, a 
structureless soil, a soil with crust formation, an initially wetter soil and a soil 
without vegetation cover tend to have a greater runoff than their counterparts. Indeed, 
Le Bissonnais et al. (1995) investigated the interactions between soil properties and 
moisture content in crust formation, runoff and interrill erosion from tilled loess soils. 
They found that runoff was lower for air-dried panels than for field moist panels, and 
was either intermediate or lowest for rewetted panels, depending on soil 
characteristics. 
Regarding the effect of surface crust, Wu and Fan (2005) found that average 
total runoff from encrustation soil was 1.15 times the non-encrustation soil. As for 
vegetation cover, Snelder and Bryan (1995) discovered that vegetation cover 
exceeding 55% generates a lower discharge (9.0 mL s—1 and 21.5 mL s_1 for 30- and 
60-minute storms respectively) than below 25% (29.4 mL s"1 and 46.0 mL s—1 for 30-
and 60-minute storms respectively). The difference is caused by reduced surface 
crusting and enhanced infiltration of the vegetation. Hedgerow plants on a slope land 
also reduce surface runoff by 22-43% (Cai and Lo，1999). 
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2.7.3 Soil erosion 
Soil erosion induced by water is affected by the complex interactions of 
subprocesses of (i) detachment and transport of soil materials by raindrop impact and 
overland flow, and (ii) deposition (Bradford and Huang, 1996). The dominant 
subprocess is determined by whether the source area is under interrill or rill erosion. 
Interrill erosion occurs on an area where all detachment is due to the forces of 
raindrop impact and transport is primarily by overland flow (Lai and Elliot, 1994; 
Bradford and Huang, 1996) or surface flow (Jayawardena and Bhuiyan, 1999). Rill 
erosion, in contrast, is the detachment and transport of soil particles by concentrated 
flow. Rills are eroded channels that could be removed by normal tillage operations 
(Lai and Elliot, 1994). 
Soil erosion is influenced by different parameters: soil characteristics, 
topography, climate and land use etc (Le Bissonnais, 1996). The effect of soil 
characteristics, raindrop impact and vegetation cover on soil erosion is reviewed in 
greater details below owing to their relevance to the present study. 
(a) Soil characteristics 
Soil erodibility is defined as the inherent reaction of soil to water in (i) limiting 
infiltration and reducing surface roughness due to aggregate breakdown, and (ii) 
being detached and transported by runoff and raindrop impact (Le Bissonnais, 1996). 
Erodibility decreases when there is adequate clay for bonding and aggregation, and 
when there are few detachable sand and silt. As noted by Barthes and Roose (2002), 
aggregate stability of the top 10-cm soil is negatively correlated with the soil's 
susceptibility to runoff and erosion. Organic matter plays a similar role to clay in 
facilitating the formation of water stable aggregates (Le Bissonnais, 1996). 
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(b) Raindrop impact 
Raindrop impact serves as the primary force to initiate detachment of soil 
particles from the soil. The detached sediments are then transported in a downslope 
direction under the influence of raindrop splash and overland flow water. Sediments 
have to be detached from the soil or be in a detached state prior to transportation 
(Sharma, 1996). Therefore, rainfall intensity, the size and the kinetic energy of 
raindrops affect the amount of sediments being transported. 
Rainfall also plays an initiating role in aggregate breakdown (Bajracharya and 
Lai, 1998). High runoff resulted from intense rainfall not only enhances aggregate 
disintegration but also causes rapid seal development and ponding of water on soil 
surface. The rearrangement of aggregate fragments and primary particles further 
lowers porosity and relative pore size in the seal zone, hence affecting the amount of 
soil eroded. 
(c) Vegetation cover 
Raindrops are shattered into small droplets on striking vegetation. The 
coalescence of raindrops gives rise to large drops on the leaf before they fall to the 
ground (Lui and Shiu, 2006); they are usually larger than natural raindrops (Box and 
Bruce, 1996). Plant height and leaf structure, therefore, can change the effective 
energy of raindrops after interception (Sharma, 1996). A shorter, bushy canopy, such 
as annuals and herbs, can completely dissipate the falling raindrops (as cited in 
Sharma, 1996). On the contrary, taller canopies resulted in large-size recoalesced 
drops that are prolate in shape. These drops tend to be more erosive because they 
have higher detachment efficiency than raindrops of similar size falling at terminal 
velocities. As for agricultural crops, most of their canopy is close to the ground. 
Although interception enlarges raindrop size, raindrops do not have enough fall 
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height to generate sufficient impact energy greater than that of natural rainfall (Box 
and Bruce, 1996). 
Surface cover lessens soil erosion by water through (i) dissipating raindrop 
impact energy, (ii) reducing the area of erodible surface, (iii) dissipating flow energy 
on non-erodible cover in contact with the surface, (iv) increasing infiltration by 
reducing surface sealing, and (v) lowering runoff velocity (Box and Bruce, 1996). In 
this connection, grass provides an effective cover in reducing soil erosion (Gilbeault 
et al； 1989). Snelder and Bryan (1995) examined the influence of vegetation density 
on soil loss from degraded rangelands. The types of vegetation cover involved in 
their study sites include herbaceous plants, perennial grasses and annual grasses. 
They found that vegetation cover exceeding 55% reduces soil loss significantly by 
94%. When the surface cover falls to below 25%, a maximum soil loss in excess of 
80 g m~ and 140 g m~ is recorded under the 30- and 60-minute storms, respectively. 
They attributed the differences to reduction in rain splash entrainment, diminished 
surface crusting, better root development and increased infiltration rate. Besides, a 
ground cover of 50% is believed adequate in controlling soil erosion. Another study 
by Cai and Lo (1999) found that hedge plants can reduce sediment yield by 94-98% 
on slope land with a gradient of 25° and underlain by purple soil in Central China. 
Ojeda et al. (2003) investigated the effect of sludge on the erosion of different 
types of soil. In the loam soil, sediment loss is reduced by 61%, 50% and 67% 
following the application of dehydrated sludge, composted sludge and thermal sludge 
respectively. As for sandy soil, the corresponding values dropped to 52%, 46% and 




This chapter reviews the application and problems of hydroseeding in Hong 
Kong; ecophysiological characteristics of common Bermudagrass; properties, 
disposal and potential usage of sludge; heavy metals and their effects on the 
environment; effects of lime on heavy metal dynamics and plant growth; as well as 
infiltration, surface runoff and soil erosion between different types of land use. In the 
ensuing chapters, the effect of sludge on the growth of common Bermudagrass on 
coarse-textured decomposed granite will be examined, with special emphasis on 
grass productivity, heavy metal uptake, and heavy metal fluxes in leachate, runoff 
and sediment yield. 
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CHAPTER THREE 
EFFECT OF SLUDGE AND LIME ON ABOVEGROUND BIOMASS OF 
COMMON BERMUDAGRASS 
3.1 Introduction 
Sludge is beneficial to plant growth by supplying organic matter and nutrients, 
enhancing nutrient and water retention, improving soil structure (Emmons, 2000) and 
aeration (Sabey, 1980), and stabilizing soil aggregates (Le Bissonnais, 1996). Despite 
these benefits, the heavy metals contained in sludge are potentially harmful to plant 
growth (Bolan et al., 2003a; McBride et al” 2004) and hazardous to the environment 
(Richards, et al., 1998; Lyberatos, et al., 2004). This drawback limits the wider use 
of sludge as a soil amendment material and direct application on land. 
In view of this drawback, liming materials have been added to suppress the 
release of heavy metals from sludge (Basta and Sloan, 1999; McGowen and Basta, 
2001; Bolan et cd； 2003b; McBride et al., 2004; Wong and Selvam, 2006) by raising 
pH, enhancing metal adsorption to colloids (Bolan et al., 2003b) and facilitating 
precipitate formation (Epstein, 2003). Nutrient availability can also be improved 
when reaction pH falls within 5.5-7.0 (Emmons, 2000; Brady and Weil, 2002). 
Furthermore, liming materials add essential nutrients such as calcium and 
magnesium to the soil. 
No two soils or sludges are the same. In Hong Kong, common Bermudagrass is 
extensively used to revegetate cut or man-made slopes underlain by decomposed 
granite (DG). The DG is a coarse-textured material deficient in organic matter and 
nitrogen. While sludge is potentially a suitable amendment material of DQ the 
drawback of heavy metals can be partly rectified by lime addition. What shall be the 
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best mixing ratio of sludge and lime in supporting the growth of Bermudagrass on 
DG? The present experiment investigates the growth of common Bermudagrass on 
DG amended with different loading rates of sludge and lime, with special emphasis 
on biomass yield and nitrogen uptake. Results obtained from the present experiment 
will provide answers to the following specific questions: 
1. What are the differences in chemical properties between DG and sludge? Is 
sludge a potential amendment for DG? 
2. Will common Bermudagrass grow in DG amended with different sludge and 
lime loading rates? Is there any seasonal pattern of grass growth? 
3. How does sludge affect aboveground biomass yield and N uptake of the grass 
and how long will the effects last? 
4. Will lime addition affect aboveground biomass yield of Bermudagrass? Is the 
effect of lime on grass yield different from that of sludge? 
5. What is the synergic effect of sludge and lime on aboveground biomass yield? 
What are the optimum loading rates of sludge and lime in terms of biomass 
growth? 
3.2 Materials and methods 
This section describes design of the experiment, greenhouse management, and 
laboratory procedures for the chemical analysis of sludge, DG and common 
Bermudagrass, as well as the statistical analysis of data. 
44 
3.2.1 Materials 
The experiment was conducted in the greenhouse of the Physical Geography 
Experimental Station of The Chinese University of Hong Kong (CUHK). Common 
Bermudagrass was grown in PVC column packed with sludge- and lime-amended 
DG. The DG was acquired from a construction site in Ho Man Tin, Kowloon. A 
substrate commonly used in horticultural planting, the DG was air dried, passed 
through a 1-cm sieve and homogenized thoroughly. Five sub-samples of the DG were 
separately passed through a 2-mm sieve and a 0.25-mm sieve for chemical analysis 
detailed in section 3.3.1. 
Dewatered sludge was collected from the Shatin Sewage Treatment Works. It 
was air dried in the greenhouse, ground by a YAHAO disk mill, passed through a 
2-mm sieve and homogenized thoroughly. Five sub-samples of the sludge were 
further passed through a 0.25-mm sieve for chemical analysis detailed in section 
3.3.2. 
The dolomitic lime (CaMg(C。3)2) and chemical fertilizer (Nitrophoska 
12-12-17-2) used in this experiment were provided by the Tracks Department of The 
Hong Kong Jockey Club. Common Bermudagrass (Cynodon dactylon) stolons were 
collected from a hydroseeded slope in Tai Tong East Borrow Area (TTEBA) in Yuen 
Long of the New Territories of Hong Kong. As the grass was established by 
stolonization, the stolons collected from the field were cut into shorter pieces roughly 
7-10 cm long. The PVC column had an internal diameter of 15.6 cm and a height of 
22 cm. A 6-mm diameter hole was drilled at the base of the column, to which a 
polyethylene tube was hooked for leachate collection into a 1-L beaker (Plate 3.1). 
The chemistry of leachate will be dealt with in Chapter 5. 
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Plate 3.1 Design of PVC column 
3.2.2 Experimental design 
This experiment investigated the growth of Bermudagrass in PVC column 
packed with DG that had been amended with sludge and lime. The experimental 
design involved inter alia preparation of the growth substrate, stolonization of grass, 
post-planting care and monitoring. The quantity of sludge and lime used in this 
experiment was expressed as grams per kilogram of air dried DG (i.e. g kg—1 DG). 
Each PVC column was packed with DG to a height of 20 cm, equivalent to a bulk 
density of 1.2 Mg m~3 and an air dry weight of 4.6 kg. Texturally, the DG belongs to 
sandy loam and the ideal bulk density should not exceed 1.4 Mg m~3 (NRCS Soil 
Quality Institute, 1999). As this semi-weathered material compacts easily during 
plant growth, a lower bulk density was selected for the present experiment. 
The DG was separately amended with four loading rates of sludge: 0，12.5, 25 
and 50 g kg1 DG (equivalent to 0, 30.1, 60.2 and 120.3 Mg ha—1). The quantity of 
sludge added was equivalent to 0, 58, 115 and 230 grams per column, respectively 
(Table 3.1). Each of the sludge-amended DG was further amended with three loading 
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rates of lime: 0，1 and 4 g kg-1 DG (equivalent to 0，2.4 and 9.6 Mg ha—1). This was 
equivalent to 0, 4.6 and 18.4 grams of lime per column. The DQ sludge and lime 
were thoroughly homogenized in a plastic bucket before packing into the PVC 
column. Each treatment was replicated five times to give a total of 60 columns in this 
experiment. The abbreviations of each treatment were summarized in Table 3.1. 
Table 3»i The sludge and lime loading rates of decomposed granite (n = 5) 
Treatment Sludge loading rate Lime loading rate Amount of sludge Amount of lime 
(g kg-1 DG) (g 1¾-1 DG) per column (g) per column (g) 
SOLO 0 0 0 0 
SOLI 0 1 0 4.6 
S0L4 0 4 0 18.4 
S12.5L0 12.5 0 58 0 
S12.5L1 12.5 1 58 4.6 
S12.5L4 12.5 4 58 18.4 
S25L0 25 0 115 0 
S25L1 25 1 115 4.6 
S25L4 25 4 115 18.4 
S50L0 50 0 230 0 
S50L1 50 1 230 4.6 
S50L4 50 4 230 ISA 
Note: S (sludge loading rate); L (lime loading rate) 
Stolonization of common Bermudagrass was carried out on 20 August 2004. 
Each PVC column received roughly the same amount of stolons, which were spread 
out evenly onto the DG and covered by the same soil mix to a depth of 
approximately 1 cm. Two doses of fertilizer were applied to assist establishment of 
the grass. The first dose was applied as basal dressing fertilizer one day after 
stolonization and the second dose one month afterwards. The fertilizer used was 
Nitrophoska 12-12-17-2, which is a fast release granule fertilizer manufactured in 
Germany. Each column received 1.67 gram of fertilizer, equivalent to 10 g N m~2. 
This dose rate had been used with success in another common Bermudagrass study 
byNgar (1993). 
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The grass had established successfully by mid-October 2004, after two fertilizer 
doses. Thereafter, the grass was subjected to different fertilizer treatments. From 
October 2004 to March 2005, the amount of fertilizer applied monthly to the grass 
1 
was halved, equivalent to 5 g N m~ . This was necessitated by the fact that grass 
growth had slowed down in autumn and winter and high nitrogen dose could lead to 
low-temperature injury (Carrow et al., 2001). The fertilizer was applied 10 days after 
clipping to assist recovery of the grass. 
Fertilizer application was suspended from April to June 2005 to test the 
sustainability of sludge and lime on grass growth during the active growing season. 
Fertilization was resumed from July 2005 until March 2006 to test whether sludge 
and lime had the ability to improve the N efficacy of chemical fertilizer. In Hong 
Kong, hydroseeded common Bermudagrass on slopes are fertilized irregularly during 
the first 2 years of establishment. 
The columns were thoroughly saturated with reverse osmosis (RO) water 
immediately after stolonization. RO water was used throughout the study since salts, 
minerals and other impurities like heavy metals have been removed (APS Water 
Services Inc., 2002). Thereafter, the columns were kept moist with the application of 
150 mL RO water on a daily basis, except during the monthly and bimonthly 
collection of leachate (see Chapter 5). The frequency and amount of watering were 
reduced during the winter season from January to February when growth of the grass 
had slowed down. The irrigation regime and quantity of water applied were 
standardized for all the columns. The details of post-planting care were summarized 
in Table 3.2. 
48 
Table 3.2 Dates of stolonization, fertilizing and harvesting 
Stolonization Fertilizing Harvesting 
Date Date Rate (g N m"2) Date 
20 Aug, 2004 21 Aug, 2004 10 13 Sept, 2004 
14 Sept 10 4 Oct 
30 Nov 5 11 Nov 
31 Dec 5 20 Dec 
31 Jan, 2005 5 20 Jan 
1 Mar 5 21 Feb, 2005 
31 Mar 5 21 Mar(1) 
Apr-Jun 0 20 May 
25 Jul 5 20 Jul 
27 Aug 5 
27 Sept 5 20 Sept 
27 Oct 5 
2 Dec 5 21 Nov 
2 Jan 2006 5 21 Jan 2006 
1 Feb 5 
1 Mar 5 21 Mar 
(1) Starting from March 2005, grass was harvested on a bimonthly basis. 
During the experimental period, disease and insect problems were encountered. 
Bermuda mites were controlled by the periodic spray of Bayleton, which is a 
systemic fungicide. It was mixed with the insecticide Carbaryl for the simultaneous 
control of aphids and cutworms. The PVC columns were moved around randomly in 
the greenhouse every two months. 
3.2.3 Grass clipping and pre-treatment 
The grass was clipped on a monthly basis from September 2004 to March 2005, 
and thereafter on a bimonthly basis up to March 2006, partly due to constraint of 
manpower. Plastic scissors were used to avoid any possible contamination of heavy 
metals. Clipping was important not only for the measurement of aboveground 
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biomass yield, but also for the enhancement of the creeping ability of common 
Bermudagrass (Blue Planet Biomes, 2002). Each time the grass was clipped to a 
height of about 6 cm and the clippings were stored in a paper bag. 
The clippings were then oven-dried at 85°C to constant weight. They were 
weighed and the five replicates of each treatment were averaged to give the mean 
oven-dried weight of aboveground biomass from September 2004 to March 2006. 
The density of shoots was not measured in this study, but would be referred to for 
qualitative comparison among the treatments. 
3.3 Chemical analysis 
3.3.1 Properties of decomposed granite 
This section describes the general properties of decomposed granite, including 
texture, reaction pH, organic carbon, total Kjeldahl nitrogen, phosphorus, potassium, 
sodium, calcium, magnesium, cadmium, chromium, copper, nickel, lead and zinc. 
Texture 
The texture of DG was determined by the Bouyoucos hydrometer method, 
which measures the decrease in density of the suspension as particles settle. Fifty 
grams of 2 mm air dry soil was mixed with 5% Calgon solution (sodium 
hexametaphosphate). The mixture was stirred at high speed for 10 minutes and made 
up to 1 L with tap water. Hydrometer readings were taken at 4 minutes 48 seconds to 
estimate for the silt and clay fractions, and at 5 hours to estimate for the clay fraction 
(Grimshaw, 1989). The results were expressed as percentages of sand, silt and clay 
while the textural class was determined against the textural triangle of the 
International Society of Soil Science. 
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Reaction pH 
Soil pH was determined by mixing 15 g of 2 mm air dry soil with RO water at a 
soil to water ratio of 1:2.5 (w/v) (Landon, 1991). After shaking for 10 minutes, the 
slurry was left to stand for 30 minutes and pH was detected by a glass electrode 
coped with the Orion Expandable Ion Analyzer EA 940. 
Organic carbon 
Organic carbon was determined by the Walkley-Black partial oxidation method 
(Walkley and Black, 1934). One gram of 0.25 mm air dry soil was oxidized by \M 
potassium dichromate (K2O2O7) and concentrated H2SO4. The mixture was back 
titrated with 0.5M ferrous sulfate heptahydrate with o-Phenanthroline-ferrous 
complex as indicator. 
Total Kjeldahl Nitrogen 
One gram of 0.25 mm air dry soil was digested at 370°C in 12 mL concentrated 
H2SO4 and one Kjeltab catalyst tablet containing 3.5 g K2SO4 and 0.4 g C11SO4 
(Anderson and Ingram, 1993). The digest was then cooled and hooked to the Tecator 
Kjeltab 1026 automatic distillation unit, where free ammonia was liberated by steam 
distillation in the presence of ammonia. It was collected in a receiving flask 
containing 25 mL boric acid indicator solution. The content of TKN was then 
determined titrimetrically using 0.01MHC1. 
Total phosphorus 
Total phosphorus (P) was determined by mixed acid digestion. Half gram of air 
dry 0.25 mm soil was wrapped with a Whatman No. 40 ashless filter paper and 
digested with 15 mL mixed acids (HN03:HC104:H2S04 at the ratio of 10:2:1) at 
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240°C until the digest became clear or whitish. The digest was then filtered through a 
Whatman No. 5 filter paper and diluted to 100 mL. Total P was detected by Flow 
Injection Analysis (FIA), following Tecator Application Short Note ASTN 9/84, 
using 2% mixed acids as the solution matrix for better comparison. 
Total potassium, sodium, calcium and magnesium 
The digest prepared for the determination of total P was also used to detect total 
K, Na, Ca and Mg by using the Varian SpectrAA-200 Flame Atomic Absorption 
Spectrophotometer. 
Total heavy metals 
The above-mentioned digest was also used to detect total Cd, Cr, Cu, Ni and Pb 
by Varian SpectrAA-640Z Graphite Furnace Atomic Absorption Spectrophotometer, 
and total Zn by Varian SpectrAA-200 Flame Atomic Absorption Spectrophotometer. 
Glass wares employed for the determination of heavy metals were washed with 10% 
HNO3 and rinsed with Milli-Q water to minimize any risk of contamination. 
3.3.2 Properties of sludge 
The reaction pH, organic carbon, TKN, total P, K, Na, Ca, Mg, Cd, Cr, Cu, Ni, 
Pb and Zn of sludge were determined following the same laboratory procedures 
detailed in 3.3.1, with the exception of texture, which is not applicable for sludge. 
3.3.3 Nitrogen of grass clippings 
The oven-dried grass was sub-sampled for the chemical analysis of total 
Kjeldahl nitrogen (TKN). It was ground to powder < 2 mm and homogenized by two 
coffee grinders with stainless steel blade (Braun AromaGourmet KSM 2), and kept in 
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zipped plastic bags. One grinder was used for clippings from sludge-amended 
treatments while the other for treatments without sludge addition to avoid cross 
contamination. Half gram of grass powder was wrapped with Whatman No. 40 
ashless filter paper and digested at 240°C with 15 mL mixed acids (HNC>3:HCl04at 
the ratio of 2:1) until the digest became colourless. Although the method is seldom 
used for N determination in the past (Allen, 1989), it has been widely used recently 
for the analysis of heavy metals using the same digest (see Chapter 4) (as cited in 
Zheljazkov and Warman, 2002). The digest was then filtered through Whatman No. 5 
filter paper and diluted to 100 mL. Twenty-five mL of the digest was pipetted to a 
digestion tube and hooked to the Tecator Kjeltab 1026 automatic distillation unit, 
where free ammonia was liberated by steam distillation in the presence of ammonia. 
It was collected in a receiving flask containing 25 mL boric acid indicator solution. 
The content ofTKN was then determined titrimetrically using 0.01MHC1. 
3.4 Statistical analysis 
The data obtained from this experiment were calculated using the spreadsheet 
software Microsoft Excel. They were then transferred to the Statistical Package for 
Social Sciences (SPSS) 13.0 for Windows for the numerical processing of mean 
values and standard deviations. Independent-samples Mest was performed to find out 
if any differences existed between the properties of DG and sludge. Duncan's 
Multiple Range Test was performed to detect any differences in aboveground 
biomass of the grass and total N uptake among the 12 treatments. Multiple regression 
models were employed to investigate the effect of sludge and lime on the 
aboveground biomass yield as well as N uptake by grass shoots. 
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3.5 Results and discussion 
3.5.1 Properties of DG and sludge 
Texturally, DG consisted of 65.6% sand, 20.4% silt and 14.0% clay, belonging 
to the textural class of sandy loam (Table 3.3). It was a coarse-textured material 
derived from the weathering of granite, most of which are coarse-grained in Hong 
Kong. It was strongly acidic in reaction pH (4.80), and was deficient in organic 
carbon (0.07%) and TKN (0.01%). These properties are comparable to those reported 
by Tsang (1997) and Wong (2004). Coupled with low clay content, the substrate is 
relatively poor in water- and nutrient-retention capacities. The poor fertility is 
manifested by the low levels of K, Na，Ca and Mg. Potassium was highest among 
these cation nutrients, averaging 2.70 g kg-1 and followed by Ca (0.36 g kg-1), Mg 
(0.30 g kg-1) and Na (0.09 g kg-1). In south China, however, soils derived from 
granite are mostly dominated by Ca while the monovalent cations of K and Na are 
easily lost in leaching. The relatively high K content seems to suggest that the 
primary mineral was dominated by K-feldspar. Total P averaged 0.04 g kg-1 only, 
which is expected because the acidic granite has little phosphorus. It is safe to 
surmise that the DG used in this study was likely a subsoil of the original soil profile, 
as illustrated by the low levels of organic carbon, TKN and total P. It is no different 
to DGs commonly used in horticultural planting in Hong Kong. 
The DG contained variable amounts of heavy metals, in the descending order of 
Zn (91.26 mg kg"1) > Cu (28.80 mg kg"1) > Pb (24.96 mg kg"1) > Ni (9.01 mg kg"1) 
> Cr (3.00 mg kg"1) > Cd (0.12 mg kg"1). 
In contrast, the sludge was significantly different from the DG in chemical 
properties (Table 3.3). It had an average pH of 5.77 and contained much higher 
organic carbon (16.53%), TKN (3.83%) and total P (14.15 g kg"1) than the DG. This 
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is expected because many municipal wastes, from which the sludge is derived, are 
rich in food wastes while some of the phosphorus is originated from washing 
detergents. The total amounts of K, Na，Ca and Mg were on the average 1.27-90.00 
times that of the DG. Among these cation nutrients, Ca topped the list with an 
average concentration of 25.70 g kg-1. This element could have been added to the 
treatment process in the form of lime. 
Table 3.3 Properties of DG and sludge (n = 5) 
Properties DG Sludge f-test Concentration limits for 
land application � 
Texture 
Sand (%) 65.6 士 7.5 NA NA NA 
Silt (%) 20.4 士 4.1 NA NA NA 
Clay (%) 14.0 士 3.6 NA NA NA 
Texture class sandy loam NA NA NA 
pH (water 1:2.5 w/v) 4.80 士 0.31 5.77 士 0.12 *** NA 
Organic carbon (%) 0.07 士 0.02 16.53 ± 1.74 *** NA 
TKN (%) 0.01 士 0.00 3.83 ± 0.03 ** NA 
Total P(g kg"1) 0.04 ±0.00 14.15 士 4.61 ** NA 
Total K(g kg"1) 2.70 士 0.13 3.42 士 0.14 *** NA 
Total Na(g kg"1) 0.09 ± 0.03 8.10 士 0.19 *** NA 
Total Ca (g kg"1) 0.36 士 0.10 25.70 士 2.33 *** NA 
Total Mg(g kg-1) 0.30 士 0.02 3.49 ±0.10 *** NA 
Total Cd(mg kg"1) 0.12 士 0.03 1.31 士 0.20 *** 39 
Total Cr (mg kg"1) 3.00 士 1.64 90.81 ± 5.54 *** 1200 
Total Cu (mg kg1) 28.80 ± 10.78 347.92 ± 39.46 *** 1500 
Total Ni(mg kg-1) 9.01 ± 3.04 191.93 士 6.39 *** 420 
Total Pb(mg kg-1) 24.96 士 6.05 2.70 士 0.52 *** 300 
Total Zn (mg kg"1) 91.26 ± 17.09 497.26 ± 6.85 *** 2800 
(1) Source: USEPA regulations 40 CFR 503 (as cited in Epstein, 2003).“ 
NA: Not applicable 
***p< 0.001;**/? <0.01 
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The sludge, however, contained significantly higher concentrations of Cd, Cr, 
Cu, Ni and Zn than DQ but a reverse trend was found for Pb. The high concentration 
of Pb in the local soils is partly attributed to its emission from petrol in the past 
(Wong, 1987; Lau et al., 2003). Indeed, Pb concentration decreased in the order of 
urban soil > suburban soil > country park soil (Lee et al., 2006a). Although the 
concentrations of the six heavy metals for land application are much lower than the 
limits set by USEPA regulations 40 CFR 503 (Epstein, 2003), we must not 
underestimate their potential risks to the environment (Table 3.3). 
To sum up, the DG is an acidic, coarse-textured soil that is deficient in organic 
carbon, TKN, total P, K, Na, Ca and Mg. Given its coarse texture and low clay 
content, the substrate has probably low water- and nutrient-retention capacities. On 
the other hand, the sludge is an organic waste material that contains high levels of 
TKN, P, K，Na, Ca and Mg. It is thus fairly safe to conclude that sludge is potentially 
a suitable organic amendment material for DG. The only constraint may be the 
relatively high concentrations of heavy metals in the sludge. To optimize the use of 
sludge as an amendment material of DG, what shall be the optimum loading rate? 
3.5.2 Aboveground biomass of grass 
Among the 12 treatments, S50L4 attained the highest total aboveground 
biomass (129.91 g), which was 1.67 times higher than the control treatment of SOLO 
(77.66 g) (Table 3.4). In other words, the addition of sludge at 50 g kg-1 DG and lime 
at 4 g kg-1 DG was most beneficial to grass growth. In the absence of sludge, 
amending the DG with lime had no effect on biomass yield, as illustrated by the 
SOLO, SOLI and S0L4 treatments. The biomass yield of this group of treatments was 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































was only realized when the sludge loading rate reached 50 g kg-1 DG, in which 
biomass yield increased proportionately with lime loading rate. In this group of 
treatment, for instance, biomass decreased significantly in the order of S50L4 
(129.91 _ I S 5 0 L 1 (123.72 g) > S50L0 (121.93 g). 
Biomass yield of the grass increased significantly with sludge loading rate, 
averaging 74.39-77.66 g (0 g kg"1 DG), 98.37-101.20 (12.5 g kg"1 DG), 
108.33-112.84 g (25 g kg"1 DG) and 121.93-129.91 g (50 g kg"1 DG). It is thus clear 
that amending the DG with sludge had improved biomass yield of the grass and lime 
had only played a secondary role. This positive effect lasted for at least 12 months, 
mainly caused by the organic matter, nitrogen and cation nutrients contained in the 
sludge and partly by the effect of lime. The individual effect of sludge and lime will 
be examined in the ensuing sections. 
The effect of sludge on biomass yield was recognized at the first harvest in 
September 2004，when the loading rate was 25 g kg-1 DG or above. Below this 
sludge loading rate, the yields were not significantly different (Table 3.4). There were 
also no statistical differences in yield between the 25 g kg-1 DG and 50 g kg-1 DG 
sludge treatments during the first four harvests. On the 5th harvest in January 2005, 
however, biomass yield was significantly higher in the 50 g kg—1 DG treatment 
(8.87-9.15 g) than the 25 g kg-1 DG treatment (6.33-6.86 g). This trend seemed to 
last until the harvest in March 2005. Thereafter, the trend was less discernible among 
the different sludge loading rates. Variation of the fertilization program could have 
contributed to this change. For instance, when the grass was denied of fertilizer 
treatment from April to June 2005, the pattern of biomass yield in May 2005 in 
relation to sludge loading rate was least discernible. In this connection, treatment 
SOLI (7.62 g) was comparable to S50L0 (9.25 g) in yield production. The same 
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pattern was detected after resumption of fertilizer in July 2005 until the end of the 
experiment. In the absence of sludge amendment, grass productivity seemed to have 
increased drastically when compared to the sludge-amended counterparts from 
September 2005 onwards. In other words, the earlier differences in grass yield arising 
from sludge amendment had disappeared in the last four harvests. The possible effect 
of heavy metal uptake on yield will be addressed in Chapter 4. Nevertheless, the total 
biomass yield increased progressively with sludge loading rates during the 
experimental period. 
Biomass yield of the grass varied with seasons; it increased gradually from 
September to December 2004 before declining to the trough in March 2005 (Figure 
3.1). Indeed, Bermudagrass is a warm season turfgrass that stops growing at 
temperatures lower than 16°C (Emmons, 2000). In the present study, the growth of 
Bermudagrass had slowed down in winter but not stopped completely. Nevertheless, 
the grass greened up again in spring and reached peak production in November 2005 
being comparable to the previous year of growth. Winter growth from January to 
March was, however, more vigorous in 2006 than in 2005. Unlike the grass grown on 
slopes, it did not turn brown and wither in winter as a result of watering inside the 
greenhouse. 
When the DG was amended with 0 and 12.5 g kg-1 of sludge, peak biomass 
production was found in November 2004. However, peak production at loading rates 
of 25 and 50 g kg"1 of sludge was delayed by one month to December 2004 (Figure 
3.1). It clearly shows that biomass yield in winter can be sustained by relatively high 
sludge amendment rates in the presence of water. Under natural conditions, however, 
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Another interesting phenomenon is the sustainability of sludge in improving 
biomass yield. A bimodal peak of biomass production was found in the present study. 
The first peak of biomass production in the sludge-amended treatments in 
November-December 2004 was higher than the unsludged treatments. Recovering 
from trough production in the winter months of January through March 2005， 
however, there were distinct changes in the second peak of biomass production 
among the treatments. The second peak of production for the unsludged treatments in 
November 2005 was not only higher than the first peak in November 2004 but also 
comparable to that of the sludged counterparts. There was also a substantial decline 
in biomass yield with time in the sludge-amended DG so that the second peak in 
November 2005 was lower than the first peak in November 2004. This clearly shows 
that sludge had benefited grass growth in terms of biomass yield within the first year 
of amendment. Thereafter, aboveground biomass was not significantly different 
between the sludged and unsludged treatments (Figure 3.1). 
Overall, the grass survived under all sludge and lime loading rates throughout 
the study period and no phytotoxicity symptoms were observed. The grass grown in 
sludge-amended DG gave a darker green color than those without sludge addition 
(Plates 3.2a-l). Coupled with delayed peak biomass production in winter, sludge 
amendment can probably improve grass quality from an aesthetic point of view. To 
realize this benefit, irrigation in the dry season is necessary. 
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(a) SOLO (b) SOLI (c) S0L4 麵 _ ^ 
•^ H IBk HQE 
(d) S12.5L0 (e) S12.5L1 (f) S12.5L4 
_ _ _ 
I^ ^HI W^mtt 
^ ^ (g) S25L0 (h) S25L1 (i) S25L4 
_ _ _ 
^ n B A H 
I^B si^ H HHi 
(j) S50L0 (k) S50L1 (1) S50L4 : 
W ^ m H S f l B ^ ^ B 
Plate 3.2 A comparison of grass growth in November 2004 
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3.5.3 Effect of sludge on aboveground biomass 
To elucidate the effect of sludge on grass growth, the biomass of treatments 
SOLO, S12.5L0, S25L0 and S50L0 were compared by Duncan's Multiple Range Test 
(Table 3.5). In these treatments, grass yield increased significantly with sludge 
loading rate, except in October 2004 and from September 2005 onwards. From the 
multiple regression models, lime had no significant effect (p > 0.05) on aboveground 
biomass yield. In other words, sludge played a significant role in accounting for the 
yield in all the regression models (Table 3.6). Aboveground biomass yield was 
positively correlated with sludge loading rate in the first harvest in September 2004, 
possibly due to the release of readily available N. The higher the sludge loading rate, 
the greater would be the release mineral N and water-soluble nutrients. However, 
these nutrients might be rapidly exhausted so that the beneficial effects disappeared 
in the second harvest of October 2004 when biomass yield was not significantly 
correlated with sludge loading rate. From November 2004 to July 2005, the 
percentage of variance explained by the regression models remained relatively high, 
ranging from 41.6 (May 2005) to 90.5% (January 2005). During these months, 
biomass yield was positively correlated with sludge loading rate despite the fact that 
fertilizer had been suspended from April to June 2005. From September 2005 
onwards, the regression models were either insignificant or significant but explaining 
less than 15% of the variance. There are three implications pertaining to this finding. 
First, sludge was able to enhance aboveground biomass due to its higher organic 
matter and nutrient contents than DG (Table 3.3). Nutrients contained in the sludge 
were mineralized continuously within the first year of amendment, resulting in 
increased biomass yield from November 2004 to July 2005. Besides, organic matter 
promotes aggregate stability (Le Bissonnais, 1996) and structure formation of the 













































































































































































































































































































































































































































































Table 3.6 Relationship of aboveground biomass (g) with loading rates of sludge 
(S) and lime (L) (n = 60) 
Month Regression equation r 2 
Sept 2004 Biomass = 0.91 + 0.03 S -Q.02L 0.454 *** 
Oct Biomass = 4.50 - 0.00 S + 0.19 L 0.07 NS 
Nov Biomass = 11.13 + 0.14 S + 0.20 L 0.467*** 
Dec Biomass = 8.02 + 0.25 S + 0.15L 0.699 *** 
Jan 2005 Biomass = 1.93 + 0.15 S + 0.09 L 0.905 *** 
Feb Biomass = 1.29 + 0.07 S + 0.25 L 0.700 *** 
Mar Biomass = 0.46 + 0.04 S + 0.05 L 0.551 *** 
May Biomass = 6.72 + 0.06 S + 0.03 L 0.416*** 
Jul Biomass = 3.56 + 0.13 S -0 .07L 0.724 *** 
Sept Biomass = 10.74 + 0.03 S -0 .13L 0.116 * 
Nov Biomass = 13.86 + 0.01 S -0 .03L 0.005 NS 
Jan 2006 Biomass = 9.76 + 0.02 S + 0.06 L 0.144* 
Mar Biomass = 8.29 + 0.01 S + 0.05 L 0.049 NS 
Total Biomass = 81.16 + 0.93 S + 0.81 L 0.872 *** 
***/?< 0.001; NS: not significant 
Underlined coefficients of sludge (S) and lime (L) loading rates represent insignificant contributions 
{p > 0.05) to the multiple regression models. 
number of large pores (Emmons, 2000) and improves aeration (Sabey, 1980). These 
benefits can undoubtedly improve the chemical and physical properties of the DG. 
Second, although these positive effects lasted for approximately one year only, 
they were crucial to early establishment of the grass on coarse-textured DG. The 
continuous growth of grass is expected to further improve the soil organic matter and 
nutrient contents of DG. Indeed, potentially 30% of the total N is immediately 
available for plant uptake, whereas under excellent management, 40 to 50% is 
available during the first year, depending on the inorganic proportion of the total N 
(Sabey, 1980). The design of the present experiment does not allow us to investigate 
the longer-term effect of sludge on grass growth. The organic portion of nitrogen is 
expected to decompose continuously and contribute to the bioavailable pool in a 
five-year cycle (Sabey, 1980). In the first, second, third, fourth and fifth years after 
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sludge application, an estimated 20% 10%, 5%, 2.5% and 1.25% of organic N were 
rendered available through mineralization. After the fifth year, no more organic N 
would become bioavailable (Sabey, 1980). In other words, nutrient supply could 
sustain for several years, much longer than the quick-release inorganic fertilizers. 
Third, when the application of fertilizer was resumed in July 2005, there were 
no significant correlations between biomass growth and sludge loading rate starting 
from the following month (Table 3.6). This seemed to suggest that the beneficial 
effect of sludge had dwindled one year after amendment and that grass growth was 
supported by the monthly addition of fertilizer equivalent to 5 g N m-2. 
Although there existed a positive correlation between biomass yield and sludge 
loading rate, excessive application is detrimental to grass growth due to the 
exacerbated concentration of heavy metals. In a similar study on the uptake of heavy 
metals by common Bermudagrass grown in sludge-amended DQ Ngar (1993) found 
the addition of sludge greater than 30% (v/v) was detrimental to grass growth. This 
loading rate is roughly equivalent to 50 g kg-1 DG. 
3.5.4 Effect of lime on aboveground biomass 
The effect of lime on aboveground biomass yield was investigated by subjecting 
the biomass of treatments SOLO, SOLI and S0L4 to Duncan's Multiple Range Test 
(Table 3.7). The biomass, monthly, bimonthly and total, was not significantly affected 
by lime addition for about two-thirds of the harvests. The DG used in this study had a 
pH of 4.80 (Table 3.3); the addition of dolomite is expected to neutralize the soil and 
provide additional Ca2+ and Mg2+ to the soil. Given the absence of significant 
correlations, the effect of lime on aboveground biomass was definitely less important 










































































































































































































































































































































































































3.5.5 Synergic effect of sludge and lime on aboveground biomass 
As noted in sections 3.5.3 and 3.5.4, amending the DG with sludge had 
significantly increased aboveground biomass of the grass while lime had no similar 
effect When sludge and lime were applied together to DQ the positive effect of 
sludge was again more conspicuous than lime. Among the 12 treatments investigated 
in the present study, the effect of lime became significant when the sludge loading 
rate was increased to 50 g kg-1 DG. Under this sludge loading rate, the biomass of 
treatment S50L4 in most of the harvests was higher, though not significant, than 
treatments S50L0 and S50L1 (Table 3.4). This implies that while sludge was acting 
as a soil amendment material, lime seemed to optimize the benefit of sludge and 
improve biomass growth by suppressing the solubility of heavy metals. In this regard, 
the maximum loading rate of 4 gram lime per kilogram of DG was most beneficial 
and the total biomass yield decreased in the order of 129.91 g (S50L4) > 123.72 g 
(S50L1) > 121.93 g (S50L0). Indeed, sludge amendment has been found to enhance 
the dry weight yield of Brassica chinensis and the increase was more conspicuous for 
the soil amended with lime due to reduced metal availability at a higher pH (Wong et 
al., 2001). The suppression of heavy metals by lime will be investigated in Chapters 
4 and 5. 
While lime also supplied Ca2+ and Mg2+ to the soil, this was unlikely a 
contributory factor because the same lime loading rate did not result in significantly 
higher biomass when the sludge loading rates were reduced to 12.5 and 25 g kg-1 DG 
At these two sludge loading rates, the amount of heavy metals was probably not 
phytotoxic to grass growth rendering lime addition irrelevant. When the sludge 
loading rate was increased to 50 g kg-1 DG, however, the role of lime in suppressing 
heavy metal availability became important. In this regard, amendment rate of 4 g 
kg-1 DG was obviously more effective than 0 g kg-1 DG and 1 g kg-1 DG 
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3.5.6 Effect of sludge on nitrogen uptake by grass shoots 
Nitrogen is required in great amount by turfgrasses. In the present study, 
nitrogen needed for grass growth was mainly derived from sludge and fertilizer while 
the amount contained in DG was negligible. The uptake of N by the aboveground 
biomass was summarized in Table 3.8. There were no significant differences in N 
uptake among the treatments in the first two harvests. Starting from the 3rd harvest of 
November 2004, however, the effect of sludge on N uptake was realized especially at 
loading rates of 25 g kg" DG and above. For instance, the maximum uptake of 73.85 
mg nitrogen coincided with treatment S50L0, which was more than triple the 
minimum uptake of 22.98 mg in treatment SOLO. As the same amount of chemical 
fertilizer was added to each treatment, the difference could only be caused by N 
contained in the sludge. In this regard, the grass could benefit from direct uptake of 
the mineral N and through improving the efficacy of chemical fertilizer by the 
organic-rich sludge. 
Nevertheless, the increase of N uptake with sludge loading rate was sustained in 
the following harvests until July 2005. Thereafter, the effect of sludge on N uptake 
declined gradually, being more conspicuous at loading rates of 12.5 and 25 g kg-1 
DG than at 50 g kg-1 DG. Overall, N uptake by the aboveground biomass was not 
significantly different among the treatments with effect from the harvest of 
September 2005 despite the continuous addition of chemical fertilizer until March 
2006. For instance, in January 2006, 22.11 mg of nitrogen was uptaken by the grass 
in treatment S50L0 compared to 24.50 mg in the unsludged treatment of SOLO (p > 
0.05) (Table 3.8). There are at least two implications pertaining to this finding. First, 
the amount of mineralizable N was probably exhausted in September 2005 so that N 
supply was merely derived from chemical fertilizer. Second, the phytotoxicity of 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































similar pattern was found for biomass yield, which also became insignificantly 
different among the treatments with effect from September 2005. 
Notwithstanding the above temporal variations, total N uptake during the study 
period was significantly different among the treatments (Table 3.8). It decreased with 
sludge loading rate in the order of 328.29-350.94 mg (50 g kg"1) > 192.64-246.43 mg 
(25 g kg"1) > 177.23-196.03 mg (12.5 g kg"1) > 128.02-150.10 mg (0 g kg"1). In the 
absence of sludge amendment, the total uptake of N was more than halved compared 
to treatment at 50 g kg" DG. Indeed, total N uptake was positively correlated with 
sludge loading rate (p < 0.05) (Table 3.9). Among the 13 harvests, N uptake was 
significantly and positively correlated with sludge loading rate on 12 occasions. The 
only insignificant model was found in September 2005. Indeed, while lime had no 
significant effect on N uptake, sludge had accounted for the variance of N uptake 
throughout the experiment. Therefore, the percentage of variance explained by 
sludge loading rate increased gradually from 13.4% (p < 0.05) in September 2004 to 
the peak of 73.4% (p < 0.001) in January 2005，before declining slightly to 64.5% (p 
< 0.001) in July 2005. A drastic decline to 7.8% (p > 0.05) was observed in 
September 2005 although the variance remained around 30% for rest of the harvests. 
This pattern agreed reasonably well with the effect of sludge loading rate on biomass 
yield (Table 3.6). Although fertilizer addition was suspended from April to June 2005, 
the regression coefficients of the models for harvests in May 2005 (0.519) and July 
2005 (0.645) remained significant (p < 0.001)，suggesting that mineral N was still 
available in the sludge during the suspension of fertilizer addition. 
71 
Table 3.9 Relationship of aboveground biomass (g) with loading rates of sludge 
(S) and lime (L) (n = 60) 
Month Regression equation r 2 
Sept 2004 N uptake = 2.88 + 0.05 S -0 .23L 0.134* 
Oct N uptakepl7.79 + 0.23 S -0.28 L 0.176** 
Nov N uptake = 31.10 + 0.62 S + 1.04 L 0.350*** 
Dec N = 3.43 + 0.66 S + 1.76 L 0.396*** 
Jan 2005 N , T ^ B 3 . 4 9 + 0.56 S - 0.55 L 0.734*** 
Feb N uptake = 2.68 + 0.18 S + 0.33 L 0.513*** 
Mar N = 1.29 +0.17 S + 0.31L 0.465 *** 
May N uptake = 9.07 + 0.35 S -0 .47L 0.519*** 
Jul Nuptake = 4.52 + 0.32 S -0 .18L 0.645*** 
Sept N ^ ^ = 15.40 + 0.12 S -0.41 L 0.078 NS 
Nov N ^ ^ = 16.44 + 0.30 S - 1.78 L 0.251*** 
Jan 2006 N uptake = 16.34 + 0.29 S -0 .62L 0.337*** 
Mar N uptake = 9.64 + 0.22 S + 0.67 L 0.372 *** 
Total N uptake = 134.08 + 4.07 S -0 .43L 0.849*** 
***p < 0.001; **p <0.01; * p < 0.05; NS: not significant 
Underlined coefficients of sludge (S) and lime (L) loading rates represent insignificant contributions 
(p > 0.05) to the multiple regression models. 
3.6 Summary 
This chapter could be summarized by the following statements: 
1. Sludge contains higher TKN, total P, K, Na, Ca, Mg contents than DG. It is thus 
a potential organic amendment material for DG although the heavy metals 
contained therein may cause phytotoxicity. 
2. Common Bermudagrass could be propagated by stolonization and grew under 
all the prescribed sludge and lime loading rates. The temporal growth pattern 
was similar for all the treatments without any growth anomalies; biomass yield 
was highest in either November or December and lowest in March. The grass 
was darker green in color and denser in the sludge-amended treatments than the 
unamended treatment. 
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3. Sludge had significantly enhanced biomass growth in both the warm and cool 
seasons by supplying organic matter and nutrients. This positive effect lasted for 
at least one year. Sludge supplied mineral N to grass; hence N uptake increased 
proportionately with sludge loading rate, even when fertilizer addition had been 
suspended. 
4. Lime did not result in significant increase in aboveground biomass; its effect 
was less conspicuous than sludge. 
5. The synergic effect of sludge and lime was manifested by the greatest total 
aboveground biomass in treatment S50L4 (129.91 g), which was 1.67 times that 
of the control treatment (77.66 g). The optimum loading rates of sludge (50 g 
kg一1 DG) and lime (4 g kg-1 DG) obtained from this experiment will be 
employed for the design of the rainfall simulation experiment in Chapter 6. 
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CHAPTER FOUR 
EFFECT OF SLUDGE AND LIME ON HEAVY METAL UPTAKE BY 
COMMON BERMUDAGRASS 
4.1 Introduction 
Sludge has been utilized widely on land as it contains organic matter and 
nutrients. As noted in Chapter 3，the aboveground biomass of Bermudagrass was 
enhanced by sludge amendment. Nevertheless, sludge contains heavy metals which 
may cause phytotoxicity (Ngar, 1993; Richards et al., 1998; Chen et al., 2004), 
accumulate in food chain (Jacquot et al., 2000; Khan et al., 2000; Bermond and 
Ghestem, 2001; Crompton, 2001; Keller et al., 2002), contaminate nearby water 
bodies (Smith, 1996; Richards et al, 1998; Bermond and Ghestem, 2001; Crompton, 
2001; Keller et al., 2002; Mantovi et al., 2003) and jeopardize human health 
(Richards et al., 1998; Jacquot et al., 2000; Chen et al., 2004). These environmental 
and health risks limit the application of sludge on land. 
Heavy metals are defined as elements having specific gravity or density > 5 Mg 
m~3 (Carrow et al., 2001; Epstein, 2003; Life Extension Foundation, 2004) or> 6 Mg 
m~3 (Blake and Goulding, 2002). They consist of five fractions, namely (i) 
exchangeable or soluble, (ii) bound to carbonate or weakly adsorbed on colloids, (iii) 
bound to iron-manganese (Fe-Mn) oxides, (iv) bound to organic matter, and (v) 
residuals or minerals (Lake, 1984; Epstein, 2003). The exchangeable fraction is 
mobile and bioavailable (Jalali and Khanlari, 2006), and carbonate-bound fraction is 
potentially bioavailable (Wong et al., 2002), while other fractions, particularly the 
residual fraction, are tightly bound and immobile. Therefore, the determination of 
total metals in sludge cannot fully reflect their potential impacts on the environment 
(Alvarez et al., 2002); instead, analyses on the amount of bioavailable metals are 
more relevant. 
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The bioavailable fractions are absorbed by roots through passive and active 
mechanisms. Passive uptake involves the diffusion of ions from external solution 
into the root endodermis, while active uptake requires metabolic energy and happens 
against a chemical gradient. The uptake rate of trace elements is positively correlated 
with the available pool at the root surface. When the concentrations of elements 
exceed a threshold value for a physiological barrier, biological and structural 
properties of root cells are altered and all elements are uptaken passively 
(Katabata-Pendias, 2001). When sludge is applied to soil, the amount of available 
metals will increase substantially and enhance root uptake. The absorbed metals are 
often accumulated and immobilized in roots (Katabata-Pendias, 2001). For instance, 
copper and lead concentrations in barley are 12-14 times higher in roots than in 
aboveground shoots (Calace et al., 2002). Metal accumulation by wetland plants, 
such as cadmium, copper, lead and zinc, is mostly found in root tissues (Deng et al., 
2004). As for common Bermudagrass, the roots contain significantly more cadmium, 
copper, lead and zinc than the shoots (Ngar, 1993; Shu et al； 2002), while the 
partition of chromium and nickel is less conspicuous (Ngar, 1993). In another study, 
Bermudagrass is found to contain 51% chromium in the roots and 49% in the shoots 
(Sampanpanish et al., 2006). In other words, not all the absorbed metals will be 
translocated to the aboveground parts and enter the food chains accordingly; instead, 
the transfer is metal- and species-specific. 
The uptake of trace elements by plants is not only metal- and species-specific, 
but also dependent on soil factors, such as reaction pH (Katabata-Pendias, 2001). A 
low pH may modify metal speciation after sludge application to soil and increase the 
bioavailability to plants, while a high pH can inhibit heavy metal transport in soil 
(Lyberatos et al., 2004). Liming materials, therefore, have been used extensively to 
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suppress heavy metal bioavailability (Basta and Sloan, 1999; McGowen and Basta, 
2001; Bolan et al” 2003b; McBride et al., 2004; Wong and Selvam, 2006) not only 
by increasing soil pH, but also by enhancing metal adsorption to colloids (Bolan et 
al., 2003b), and promoting the formation of metal precipitates (Epstein, 2003). 
The present experiment investigates the uptake of heavy metals commonly 
found in sludge, including cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), 
nickel (Ni) and zinc (Zn), by common Bermudagrass, with special emphasis on shoot 
uptake on a monthly to bimonthly basis. It is a continuation of the experiment 
reported in Chapter 3, which dealt with aboveground production. Root uptake of 
heavy metals was not investigated because it involves destructive sampling of the 
grass grown in the PVC columns. In addition，food chain contamination is likely 
linked to the feeding of grass shoots, but not the roots. Results obtained from this 
experiment will provide answers to the following specific questions. 
1 • Can common Bermudagrass tolerate the heavy metals released from sludge and 
survive under the prescribed sludge loading rates? 
2. What are the separate effects of sludge and lime on the uptake of heavy metals 
by common Bermudagrass? 
3. How will sludge and lime affect synergistically the total amount of heavy metals 
uptaken by grass? 
4. How will sludge and lime loading rates affect the concentrations of heavy 
metals in grass? Does reaction pH of the soil mix affect the uptake of heavy 
metals by grass at the end of the experiment? 
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5. Have heavy metal concentrations in grass exceeded the limits of known toxicity 
standards? Will the concentrations of heavy metals affect the aboveground 
biomass of grass? 
4.2 Materials and methods 
4.2.1 Materials and experimental design 
The materials and design of the experiment were the same as those described in 
Chapter 3. 
4.2.2 Analysis of heavy metals in grass shoots 
Prior to heavy metal analysis, the pre-treatment procedures detailed in section 
3.3.3 were implemented. The 100-mL diluted filtrate obtained from acid digestion of 
the grass samples was then used for the determination of heavy metals. While Cd, Cr, 
Cu, Ni and Pb were detected by SpectrAA.640Z Graphite Furnace Atomic 
Absorption Spectrophotometer, Zn was determined by SpectrAA-200 Flame Atomic 
Absorption Spectrophotometer. Sample containers employed for the determination of 
heavy metals were washed with 10% HNO3 and rinsed with Milli-Q water to avoid 
the risk of contamination. 
4.2.3 Reaction pH at the end of Part 1 
Reaction pH of the amended DG is expected to change and affect the solubility 
of heavy metals during grass growth, as a result of root exudates, addition of 
ammoniacal fertilizer, neutralization by lime and release of organic acids from 
decomposition of organic matter contained in sludge. Thus, pH of the growth 
substrate was determined at the end of the experiment in March 2006. All the 60 soil 
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cores were removed from the PVC columns and air dried. After removing the shoots 
and roots of the grass, the air-dried soil was homogenized thoroughly and sampled 
for the determination of pH. The sampled soil was passed through a 2-mm sieve and 
pH was determined by the glass electrode method described in Chapter 3. There were 
five replicates for each treatment, giving a total of 60 samples. 
4.2.4 Statistical analysis 
Duncan's Multiple Range Test was performed to differentiate the uptake of 
heavy metals among the 12 treatments. Multiple regression models were employed to 
investigate the effect of sludge and lime on the cumulative uptake of each heavy 
metal, and the effect of each metal concentration on aboveground biomass yield. 
Pearson correlation analysis was also carried out to examine the relationship between 
metal concentration and aboveground biomass yield of the grass. The above analyses 
were run by Statistical Package for Social Sciences (SPSS) 13.0 for Windows. 
4.3 Results and discussion 
For this kind of study, most researchers focus on heavy metal concentration in 
the plant parts, but not the total amount of uptake. In the present experiment, both 
uptake amount and concentration were analyzed. Uptake amount reflects the separate 
and combined effects of sludge and lime on the grass. Metal concentrations in plants 
not only indicate metal reserve of the site, but also reveal the abilities of various 
plant species to absorb and accumulate heavy metals from the soil (Wang et al., 
2003). In this section, the cumulative uptake of heavy metals will be discussed first, 
followed by their concentrations in the grass shoots. The effect of heavy metal 
concentrations on aboveground biomass will also be addressed. 
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4.3.1 Cumulative uptake of heavy metals by common Bermudagrass 
The cumulative uptake of heavy metals by grass varied substantially with metal, 
treatment and harvest time, ranging from a minimum of 41.49 jig for Cd (SOLI) to a 
maximum of 5.94 mg for Zn (S50L0). Overall, heavy metal uptake decreased in the 
order of Zn >Cr> Pb, Ni > Cu > Cd (Table 4.1 and Appendices 4.1-4.6). 
Table 4.1 Cumulative heavy metal uptake (|ig) by common Bermudagrass 
(mean*, n = 5)，September 2004 to March 2006 
Treatment Cd Cr Cu Ni Pb Zn 
SOLO 62.26abc 749.703 94.42a 375.29cd 963.00c 2441.14b 
SOLI 41.49a 714.82a 62.38a 233.38a 410.69ab 2008.72a 
S0L4 46.79ab 667.14a 70.22a 205.71a 98.60a 1786.31a 
S12.5L0 74.21bcde 913.76abc 201.56b 397.19cd 374.58ab 3749.19d 
S12.5L1 72.11bede 1150.04bcd 244.03bc 486.40d 342.70ab 3094.95c 
S12.5L4 68.83bcde 742.62a 213.94b 270.61ab 320.32 ^  3288.29° 
S25L0 87.93cde 847.47ab 322.80d 449.43cd 463.14ab 5171.728 
S25L1 91.92de 1012.42abcd 276.73cd 420.75cd 522.83b 4134.356 
S25L4 78.46cde 1236.34cd 314.88d 343.11be 591.51b 4539.32f 
S50L0 95.646 1173.58bcd 457.506 482.30d 257.25ab 5936.321 
S50L1 72.16bcde 1172.09bcd 429.01e 440.52cd 314.28ab 5554.87h 
S50L4 64.35abcd 1317.72d 426.356 426.45cd 511.07ab 5179.98® 
Column means of each metal sharing the same superscripts are not significantly different dXp < 0.05 
by Duncan's Multiple Range Test. 
* For brevity, the standard deviations of the means in this table are separately shown in the rightmost 
column in Appendices 4.1-4.6. 
Cadmium 
The cumulative uptake of Cd ranged from 41.49 (SOLI) to 95.64 |ig (S50L0) 
throughout the study. In general, cumulative uptake increased with sludge loading 
rate in the ascending order of 41.49-62.26 jag (0 g kg—1 DG), 68.86-74.21 ^g (12.5 g 
kg"1 DG) and 78.46-91.92 |ig (25 g kg"1 DG), but dropped slightly (64.35-95.64 昭） 
at the highest sludge loading rate of 50 g kg-1 DG. In contrast, Cd uptake tended to 
decrease with lime loading rate in the order of 62.26-95.64 jxg (0 g kg-1 DG), 
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41.49-91.92 |ig (1 g kg"1 DG) and 46.79-78.46 jig (4 g kg"1 DG) (Table 4.1). The 
uptake of Cd increased gradually from September 2004 and peaked in December 
2004，largely in line with peak biomass production. A second peak, though much 
lower, occurred in January 2006 after discounting the fact that sampling had been 
extended to bimonthly intervals after March 2005 (Appendix 4.1). 
Chromium 
The cumulative uptake of Cr ranged from 667.14 (S0L4) to 1317.72 (ig (S50L4). 
The amount seemed to increase gradually with sludge loading rate, averaging 
667.14-749.70 _ (0 g kg_1DG), 742.62-1150.04 _ (12.5 g kg"1 DG), 847.47 
-1236.34 i^g (25 g kg"1 DG) and 1172.09-1317.72 |ig (50 g kg"1 DG). Similarly, Cr 
uptake was elevated by the addition of lime, averaging 749.70-1173.58 fig (0 g kg-1 
DG), 714.82-1172.09 ^g (1 g kg一1 DG) and 667.14-1317.72 jug (4 g kg"1 DG), except 
in the absence of sludge (Table 4.1). Temporally, a bimodal trend of uptake was 
observed, with peaks in December 2004 and November 2005 (Appendix 4.2). 
Copper 
The cumulative uptake of Cu ranged from 62.38 (SOLI) to 457.50 i^g (S50L0). 
Cu uptake increased with sludge loading rate, averaging 62.38-94.42 |ig (0 g kg-1 
DG), 201.56-244.03 i^g (12.5 g kg"1 DG), 276.73-322.80 i^g (25 g kg-1 DG) and 
426.35-457.50 (50 g kg-1 DG). In general, Cu uptake decreased with lime loading 
rate, averaging 94.42-457.50 |ig (0 g kg"1 DG), 62.38-429.01 |xg (1 g kg"1 DG) and 
70.22-426.35 |xg (4 g kg-1 DG) (Table 4.1). Temporally, three uptake peaks were 




The cumulative uptake of Ni ranged from 205.71 (S0L4) to 486.40 i^g 
(S12.5L1). It increased with sludge loading rate, averaging 205.71-375.29 (ig (0 g 
kg"1 DG), 270.61-486.40 |ig (12.5 g kg"1 DG), 343.11-449.43 i^g (25 g kg"1 DG) and 
426.45-482.30 jig (50 g kg-1 DG). Conversely, Ni uptake generally decreased with 
lime loading rate in the order of 375.29-482.30 |ag (0 g kg"1 DG) > 233.38-486.40 \ig 
(1 g kg"1 DG) > 205.71-426.45 jag (4 g kg^ DG) (Table 4.1). Again, a bimodal trend 
of uptake was noted, with peaks in December 2004 and November 2005 (Appendix 
4.4). 
Lead 
The cumulative uptake of Pb ranged from 98.60 (S0L4) to 963.00 (SOLO). 
The pattern of uptake was erratic with sludge loading rates, averaging 98.60-963.00 
i^g (0 g kg-1 DG), 320.32-374.58 i^g (12.5 g kg"1 DG), 463.14-591.5l|iig (25 g kg"1 
DG) and 257.25- 511.07jag (50 g kg"1 DG). On the other hand, Pb uptake decreased 
with lime in the SO and S12.5 treatments, but increased in the S25 and S50 
treatments (Table 4.1). This clearly suggests that lime was able to suppress the 
release of Pb at low sludge loading rates (12.5 g kg-1 DG and below) but not at high 
sludge loading rates (25 g kg-1 DG and above). Peak uptake was found in December 
2004 and November 2005 and the difference was not as conspicuous as other metals 
(Appendix 4.5). 
Zinc 
The cumulative uptake of Zn ranged from 1786.31 (S0L4) to 5936.32 jug 
(S50L0). Similar to Cr, Cu and Ni, the uptake of Zn by Bermudagrass increased with 
sludge loading rate in the order of 1786.31-2441.14 [ig (0 g kg"1 DG), 
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3094.95-3749.19 i^g (12.5 g kg"1 DG), 4134.35-5171.72 fxg (25 g kg"1 DG) and 
5179.98-5936.32 |ag (50 g kg一1 DG). Zinc uptake generally decreased with lime 
loading rate, averaging 2441.14-5936.32 i^g (0 g kg"1 DG), 2008.72-5554.87 i^g (1 g 
kg"1 DG) and 1786.31-5179.98 [ig (4 g kg—1 DG) (Table 4.1). Temporally, a bimodal 
pattern of uptake was observed, with peaks in December 2004 and September 2005. 
Again, the first peak was much higher than the second peak after discounting the 
effect of different sampling intervals after March 2005 (Appendix 4.6). 
General pattern of cumulative heavy metal uptake 
Overall, minimum uptake of heavy metals was found in treatments without 
sludge amendment, either SOLI or S0L4. In contrast, maximum uptake was 
associated with the highest sludge loading rate, either S50L0 or S50L4, except Pb in 
SOLO, and Ni in S12.5L1. The ratio of maximum to minimum uptake was 2.31 for 
Cd, 1.98 for Cr, 7.33 for Cu, 2.36 for Ni, 9.77 for Pb and 3.32 for Zn. Thus, the effect 
of sludge and lime was highly variable among the metals. 
Uptake of Cd, Cr, Cu, Ni and Zn generally increased with sludge loading rate 
while the pattern for Pb was inconspicuous. On the other hand, uptake of Cd, Cu, Ni 
and Zn decreased, but Cr increased, with lime loading rate. The uptake of Pb was 
erratic; it decreased with lime when the sludge loading rate was 12.5 g kg-1 DG or 
below, but increased unequivocally when the sludge loading rate was increased to 25 
g kg—1 DG and above (Table 4.1). 
As sludge contains more heavy metals than DG (Table 3.3)，grass grown in 
treatment without sludge amendment is expected to take up the least amount of 
heavy metals. The only exception was Pb, which was higher in DG than in sludge 
(see section 3.5.1). The uptake, therefore, increased proportionately with sludge 
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loading rate. In this regard, the sludge loading rate of 50 g kg一1 DG is expected to 
produce the highest metal uptake, except Pb. This observation is generally true for 
Cd, Cr, Cu and Zn, but not Ni. Nickel uptake was highest at sludge loading rate of 
12.5 g kg-1 DG. While DG contains more Pb than sludge, sludge amendment is 
expected to have little effect on Pb uptake. While Pb can form very stable Pb-organic 
complex (Stevenson, 1994)，the organic matter present in sludge tends to render the 
metal non-bioavailable in DG. 
As noted in Chapter 3, sludge enhanced aboveground biomass production of the 
grass, with peaks in November or December 2004 and November 2005. Incidentally, 
the first peak of metal uptake also occurred in December 2004 for all the six metals, 
suggesting that cumulative uptake is closely related to biomass growth. Although 
common Bermudagrass is a warm-season grass, optimum growth usually falls in the 
autumn months of October through December in Hong Kong. It is thus natural to 
note that vigorous growth of the grass is also accompanied by robust uptake of the 
heavy metals. Conversely, the second peak of uptake in relation to Bermudagrass 
growth was less conspicuous. As noted in Chapter 3, the second peak of aboveground 
biomass yield occurred in November 2005 and the amount was smaller than the first 
peak in December 2004. In the present experiment, the second peak of uptake for Cr, 
Ni and Pb, as well as the third peak for Cu fell onto November 2005. For Cd and Zn, 
however, the second peak of uptake occurred in September 2005 and January 2006, 
respectively. 
Heavy metal loss from pedosphere to biosphere largely increases with biomass 
production. The more heavy metals are absorbed by the grass, the less will remain or 
be leached from the soil. It is fairly safe to surmise that during the trough production 
of biomass in winter months (see section 3.5.2), less heavy metal will be uptaken by 
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the roots and translocated to the shoots. This is supported by the low uptake of heavy 
metals during the winter months (Appendices 4.1-4.6). In this connection, there 
would be an accumulation of mobile heavy metals in the soil in winter. The first 
torrential rain in summer is expected to flush these heavy metals out of the soil 
through leaching or surface runoff. As the soil columns were watered to exceed their 
field capacity for the collection of leachate (see Chapter 5), the sudden flush of heavy 
metals accumulated in winter cannot be confirmed. 
The decreasing trend of metal uptake with lime addition is consistent to similar 
studies (e.g. McGowen and Basta, 2001; Bolan et al； 2003b; McBride et al； 2004; 
Wong and Selvam, 2006). The suppression of heavy metals by lime is metal-specific 
by (i) raising reaction pH, (ii) enhancing metal adsorption to colloids (Bolan et al.， 
2003b), and (iii) promoting the formation of metal precipitates (Epstein, 2003). In 
this regard, palletized dolomitic limestone is expected to have a longer-lasting effect 
than ordinary lime, such as burnt lime or slaked lime. The design of the present 
experiment, however, does not permit us to investigate the sustainability of the 
dolomitic limestone. As there was a gradual decline in biomass yield and cumulative 
heavy metal uptake with time, it is not known if these changes were caused by the 
exhaustion of nutrients contained in the sludge or the dwindling effect of lime. 
4.3.2 Effect of sludge on heavy metal uptake 
To examine the effect of sludge, the uptake of each heavy metal in treatments 
SOLO, S12.5L0, S25L0 and S50L0 were compared by Duncan's Multiple Range Test. 
The rationale was to remove the effect of lime in the analysis and to elucidate how 
sludge amendment rates affect metal uptake by the grass. The results are summarized 
in Table 4.2 and Appendices 4.7-4.12. 
84 
In the absence of lime, metal uptake fluctuated greatly with sludge loading rates 
and between harvests. With the exception of Pb, cumulative metal uptake tended to 
increase with sludge loading rate. However, this relationship was only statistically 
significant for Cu and Zn. In December 2004, for instance, Cu uptake increased in 
the order of 8.55 jug (SOLO), 16.62 jig (S12.5L0), 57.37|ig (S25L0) and 103.85 jag 
(S50L0) (Appendix 4.9). The second peak of uptake in May 2005, though smaller in 
absolute amount, followed exactly the same trend. Throughout the experiment, some 
minor fluctuations were also observed between the treatments (Appendix 4.9), yet 
the cumulative uptake at the end showed clearly a consistent increase with sludge 
loading rate in the order of 94.42 \ig (SOLO), 201.56 \ig (S12.5L0)，322.80|ig (S25L0) 
and 457.50 jug (S50L0) (Table 4.2). 
Table 4.2 Cumulative heavy metal uptake (|ag) by common Bermudagrass 
(mean*, « = 5) in the absence of lime, September 2004 to March 2006 
Treatment Cd Cr Cu Ni Pb Zn 
SOLO 62.263 749.703 94.42a 375.29a 963.00b 2441.14a 
S12.5L0 74.213 913.76a 201.56b 397.19a 374.583 3749.19b 
S25L0 87.93a 847.47a 322.80c 449.43a 463.14a 5171.72° 
S50L0 95.64a 1173.58a 457.50d 482.30a 257.25a 5936.32d 
Column means of each metal sharing the same superscripts are not significantly different dXp < 0.05 
by Duncan's Multiple Range Test. 
* For brevity, the standard deviations of the means in this table are separately shown in the rightmost 
column in Appendices 4.7-4.12. 
Zn uptake followed the same trend as Cu and the effect of sludge loading rate 
became apparent from the harvest in November 2004 onwards (Appendix 4.12). Peak 
uptake occurred in December 2004 and September 2005, largely coinciding with 
peak biomass yield of the grass. At the end of the experiment, cumulative Zn uptake 
increased significantly in the order of 2441.14 |ig (S0L0)，3749.19 jig (S12.5L0), 
5171.72 jug (S25L0) and 5936.32 ^g (S50L0) (Table 4.2). 
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For Cd, Cr and Ni, their uptake in relation to sludge loading rate was less 
conspicuous and great fluctuations were observed between harvests. Irrespective of 
their monthly or bimonthly uptake by grass, the cumulative uptake of these three 
metals at the end of the experiment clearly increased with sludge loading rate, though 
not significant statistically (Table 4.2). For instance, the cumulative uptake of Cd 
increased gradually from 62.26 jug (SOLO) to 74.21 i^g (S12.5L0), 87.93 j^ g (S25L0) 
and 95.64 |ig (S50L0). Furthermore, the first peak uptake of these metals also 
occurred in December 2004, being similar to Cu and Zn (Appendices 4.7-10 & 4.12). 
The small number of replicates (n = 5) might have marred the statistical significance 
in the test. In addition, cumulative metal uptake is related to the concentrations of 
metal in grass and the aboveground biomass. As aboveground biomass also 
fluctuated with harvest in these treatments, the variation in metal uptake was more a 
norm than an exception. 
The cumulative uptake of Pb from the unamended DG was significantly higher 
than the sludge-amended counterparts (Appendix 4.11). Thus, sludge amendment had 
no effects on cumulative Pb uptake. It is not known if this had been caused by a 
higher Pb content in DG than sludge. Alternatively, similar amount of Pb might have 
been bound by organic matter of the sludge (Stevenson, 1994; Alio way, 1995; 
Lyberatos, 2004). 
4.3.3 Effect of lime on heavy metal uptake 
The effect of lime on heavy metal uptake from September 2004 to March 2006 
was investigated on the basis of sludge treatment groups, viz. 0, 12.5, 25 and 50 
g kg-1 DG Cumulative uptake was analyzed and compared among the different lime 
loading rates (0，1 and 4 g kg一 DG) in each of the treatment group and the results are 
summarized in Table 4.3. 
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Table 4.3 Cumulative heavy metal uptake (jag) by common Bermudagrass 
(mean*, « = 5) of different sludge treatment groups, September 2004 
to March 2006 
Treatment group Cd Cr Cu Ni Pb Zn 
1 SOLO 62.26b 749.70a 94.42a 375.298 963.00° 2441.14b 
SOLI 41.49a 714.82a 62.38a 233.38a 410.69b 2008.72a 
S0L4 46.79a 667.14a 70.22a 205.71a 98.60a 1786.31a 
2 S12.5L0 74.21a 913.76a 201.56a 397.19b 374.58a 3749.19b 
S12.5L1 72.11a 1150.04a 244.03b 486.40b 342.70a 3094.958 
S12.5L4 68.83a 742.62 s 213.94ab 270.61a 320.32a 3288.29a 
3 S25L0 87.93a 847.47a 322.808 449.43a 463.14a 5171.72b 
S25L1 91.92a 1012.42a 276.73a 420.75a 522.83a 4134.358 
S25L4 78.46a 1236.34a 314.88a 343.11a 591.51a 4539.32 s 
4 S50L0 95.64b 1173.58a 457.50a 482.30a 257.25a 5936.32b 
S50L1 72.16a 1172.09a 429.01a 440.52a 314.28a 5554.87ab 
S50L4 64.35a 1317.72a 426.358 426.45a 511.073 5179.983 
Column means of each treatment group and metal sharing the same superscripts are not significantly 
different dXp< 0.05 by Duncan's Multiple Range Test. 
* For brevity, the standard deviations of the means in this table are separately shown in the rightmost 
column in Appendices 4.1-4.6. 
The effect of lime on cumulative metal uptake seemed to vary with sludge 
loading rates and metals, but no discernible patterns were found. In the absence of 
sludge, the cumulative uptake of Cd, Pb and Zn decreased significantly with lime 
loading rate, while Cr, Cu and Ni remained unchanged. Great fluctuations occurred 
in cumulative uptake in the sludge treatment groups of 12.5 and 25 g kg-1 DG. When 
sludge amendment rate was increased to 50 g kg-1 DG, Cd, Cu, Ni and Zn tended to 
drop with lime loading rate. With the exception of Zn, however, the differences were 
not significant statistically. 
At the metal level, the uptake of Zn decreased significantly with lime 
amendment in all the sludge treatment groups. At the sludge loading rate of 50 g kg"1 
DG, for instance, Zn uptake was in the descending order of 5936.32 jig (S50L0) > 
5554.87 M-g (S50L1) > 5179.98 i^g (S50L4). However, the differences between lime 
amendment rates of 1 and 4 g kg-1 DG were not significant statistically. 
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4.3.4 Synergic effect of sludge and lime on cumulative heavy metal uptake 
In sections 4.3.2 and 4.3.3, the separate effect of sludge and lime on the 
cumulative uptake of heavy metals was analyzed. In this section, multiple regression 
was performed to elucidate the combined effect of sludge and lime on heavy metal 
uptake (Table 4.4). 
Table 4.4 Relationship of heavy metal uptake (jug) with loading rates of sludge 
(S) and lime (L) {n = 60) 
Heavy metal Regression equation r2 
Cd Cd uptake = 66.10 +0.49 S-3.33 L 0.213** 
Cr Cr uptake =743.07 +9.70 S+11.78 L 0.317*** 
Cu Cuuptake = 110.43+6.98 S-2.19L 0.897 *** 
Ni Ni uptake = 355.17 +3.20 S-28.48 L 0.449*** 
Pb Pbuptake =511.50-1.34 S-28.92L 0.029NS 
Zn Zn uptake = 2610.49 + 68.45 S - 120.39 L 0.878 *** 
***p< 0.001; < 0.01; NS: not significant 
Underlined coefficients of sludge (S) and lime (L) loading rates represent insignificant contributors (p 
> 0.05) to the multiple regression models. 
With the exception of Pb, the cumulative uptake of Cd, Cr, Cu, Ni and Zn was 
significantly correlated with sludge and lime. In this regard, the percentage of 
variance caused by sludge and lime was higher for Cu and Zn than other metals. 
With the exception of Pb, sludge played a positive role in accounting for heavy metal 
uptake. This is expected because Cu and Zn are trace elements required in plant 
nutrition and they are abundantly present in the sludge. While Ni is also an essential 
trace element, the quantity required is much less than Cu and Zn (Katabata-Pendias, 
2001). Excessive supply of Ni is also phytotoxic to plants (Katabata-Pendias, 2001; 
Epstein, 2003). Although the role of lime was not significant in the multiple 
regressions for Cr, Cu and Pb, it was largely suppressive of heavy metal uptake. 
Specifically, the uptake of Cd, Ni and Zn had been reduced by lime amendment. 
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The higher the sludge loading rate, the greater will be the quantity of 
bioavailable heavy metals. It is equally important to examine the ratio of metal 
absorbed by the shoot as a percentage of the total amount applied. This is 
accomplished by adopting the mass balance calculations of heavy metals modified 
from Luczkiewicz (2006), and the results are summarized in Table 4.5. 
The percentage of uptake fluctuated greatly with metals and treatments, 
decreasing in the order of 0.69-19.68% (Cd) > 2.27-4.77% (Zn) > -0.13-7.60% (Cr) 
> 0.41-0.74% (Cu) > -0.15-1.00% (Ni) > -410.40- -72.78% (Pb). The lowest uptake 
for Cd, Zn, Cr, Cu, Ni and Pb was attained in treatments S50L4, S12.5L1, S12.5L4, 
S50L4, S25L4 and S12.5L4, respectively. Brown et al (1983) have applied 
secondarily treated sewage effluent to Bermudagrass and find that heavy metal 
uptake decreased in the order of: 0.53-2.00% (Zn) > 0.21-0.92% (Cu) > 0.16-0.56% 
(Pb), 0.21-0.57% (Ni) > 0.14-0.42% (Cd). The difference might be attributed to 
different soils, input methods of metal, sources of sewage, etc. 
The percentages of Pb uptake were negative (Table 4.5), implying that the grass 
had absorbed less Pb from the amended DG than the control. This was unlikely 
resulted from lime amendment, which also resulted in negative percentages of uptake. 
The significantly higher Pb content in DG than sludge partly accounted for this 
phenomenon. Another important reason is that sludge contains substantially more 
organic matter than DQ which could have fixed the Pb (Stevenson, 1994; Alloway 
1995; Lyberatos, 2004) contained in DG. Indeed, Pb uptake of vetiver grass and 
common reed was significantly reduced by the application of sludge on lead/zinc 
tailings (Chiu et al； 2006). This does not mean that organic matter had not exerted a 
similar effect on other metals. In fact, available Cu and Zn concentrations are also 
reduced in the Cu tailings following sludge application (Chiu et al” 2006). The fact 
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is that the extent of Pb complexation by organic matter is likely greater than Pb 
supply from sludge, when compared to control. However, the reverse is true for the 
other five metals. In other words, higher sludge loading rates did not contribute to 
significant amount of Pb, but substantial amount of organic matter, when compared 
to the corresponding amounts in DG. The organic matter is able to fix a comparable 
amount of Pb to that supplied by sludge, resulting in lower Pb uptake from the 
sludge-amended treatments. 
The percentages of the other five metals uptaken by grass averaged 
0.20-15.73% for treatment S12.5L0; 0.74-12.96% for treatment S12.5L1; -0.13 
-8.64% for treatment S12.5L4; 0.34-17.04% for treatment S25L0; 0.21-19.68% for 
treatment S25L1; -0.15-10.75% for treatment S25L4; 0.24-11.08% for treatment 
S50L0; 0.15-3.29% for treatment S50L1; and 0.12-2.72% for treatment S50L4. 
Treatment S50L4 outperformed the others in terms of the upper range of percentage 
uptake, and is comparable to 0.14-2.00% obtained by Brown et al. (1983) who 
applied secondarily treated sewage effluent to Bermudagrass. Based on the low 
percentages of uptake, they conclude that the soil concentrations of heavy metals 
should not have been reduced significantly. Nevertheless, the low percentages of 
uptake associated with treatment S50L4 suggest a low risk of food chain 
contamination in the feeding of Bermudagrass shoots. 
In general, the percentage uptake for Cd, Cr, Cu, Ni and Zn decreased with 
sludge loading rate. For instance, the percentage of Cu uptaken by grass was in the 
descending order of 0.53-0.74% (12.5 g kg"1 DG) > 0.46-0.57% (25 g kg"1 DG) > 
0.41-0.45% (50 g kg-1 DG). Parallel to this, the uptake percentage of Cd was not 
always directly proportional to sludge loading rate. In other words, there must be 
other mechanisms governing the uptake of heavy metals from the sludge. The 
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synergic effect of sludge and lime was best illustrated by the lowest percentage 
uptake of Cu (0.41%) and Cd (0.69%) at the sludge and lime loading rates of 50 g 
kg-1 DG and 4 g kg-1 DG, respectively (Table 4.5). 
The lowest percentage uptake of Cd in treatment S50L4 is of paramount 
importance to ecosystem health. Cadmium is a heavy metal of greatest concern in the 
land application of sludge (Sabey, 1980); it is one of the most ecotoxic metals to soil 
biological activity, plant metabolism, and animal and human health 
(Katabata-Pendias, 2001). 
4.3.5 Effect of fertilizer addition 
The chemical fertilizer Nitrophoska 12-12-17-2 was applied to all the treatments 
in this study. The N, P and K applied in fertilizers have been shown to exert different 
effects on metal availability. For instance, ammoniacal fertilizers can acidify the soil 
and solubilize the heavy metals, while the bioavailability of toxic Cd can be 
enhanced substantially (Blake and Goulding, 2002). In contrast, phosphates might 
immobilize Cd, Pb and Zn by forming metal-phosphate precipitates (Bolan et al., 
2003a). In comparison, K competes with heavy metals for exchange sites on soil 
surface, thereby increasing the soluble or exchangeable fractions of Cd and Pb (Tu et 
al., 2000). Therefore, the suspension and resumption of fertilizer addition in the 
present experiment might have also affected metal uptake. However, comparing to 
sludge and lime, the effect of fertilizer is likely less significant because the 
fertilization rate was identical for all treatments. 
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Table 4.5 Mass balance of metal uptake in shoot to the amount applied 
Treatment Cd Cr Cu Ni Pb Zn 
Baseline (mg kg"1) 1.31 90.81 347.92 191.93 2.70 497.26 
SOLO Total metal from sludge addition (mg) 0 0 0 0 0 0 
Shoot uptake (路）（1) 62.26 749.70 94.42 375.29 963.00 2441.14 
Percentage uptake (%) NA NA NA NA NA NA 
SOLI Total metal from sludge addition (mg) 0 0 0 0 0 0 
Shoot uptake (^g) (2) 41.49 714.82 62.38 233.38 410.69 2008.72 
Net shoot uptake Oig) (2)-(1) -20.77 -34.88 -32.04 -141.91 -552.31 -432.42 
Percentage uptake (%) NA NA NA NA NA NA 
S0L4 Total metal from sludge addition (mg) 0 0 0 0 0 0 
Shoot uptake (^g) (3) 46.79 667.14 70.22 205.71 98.60 1786.31 
Net shoot uptake (ng) (3) - (1) -15.48 -82.56 -24.20 -169.58 -864.41 -654.83 
Percentage uptake (%) NA NA NA NA NA NA 
S12.5L6 Total metal from sludge addition (mg) 0.08 5.27 20.18 11.13 0.16 28.84 
Shoot uptake (ng) (4) 74.21 913.76 201.56 397.19 374.58 3749.19 
Net shoot uptake (ng) (4) - (1) 11.95 164.06 107.14 21.90 -588.42 1308.05 
Percentage uptake (%) 15.73 3.11 0.53 0.20 -375.75 4.54 
S12.5L1 Total metal from sludge addition (mg) 0.08 5.27 20.18 11.13 0.16 28.84 
Shoot uptake (^g) (5) 72.11 1150.04 244.03 486.40 342.70 3094.95 
Net shoot uptake Qig) (5)-(1) 9.85 400.34 149.61 111.11 -620.30 653.81 
Percentage uptake (%) 12.96 7.60 0.74 1.00 -396.11 2.27 
S12.5L4 Total metal from sludge addition (mg) 0.08 5.27 20.18 11.13 0.16 28.84 
Shoot uptake Gig) (6) 68.83 742.62 213.94 270.61 320.32 3288.29 
Net shoot uptake Gig) (6)-(1) 6.57 -7.08 119.51 -104.68 -642.68 847.15 
Percentage uptake (%) 8.64 -0.13 0.59 -0.94 -410.40 2.94 
S25L0 Total metal from sludge addition (mg) 0.15 10.44 40.01 22.07 0.31 57.18 
Shoot uptake (^ ig) (7) 87.93 847.47 322.80 449.43 463.14 5171.72 
Net shoot uptake (ng) (7)-(1) 25.67 97.77 228.38 74.14 -499.86 2730.58 
Percentage uptake (%) 17.04 0.94 0.57 0.34 -160.99 4.77 
S25L1 Total metal from sludge addition (mg) 0.15 10.44 40.01 22.07 0.31 57.18 
Shoot uptake (^g) (8) 91.92 1012.42 276.73 420.75 522.83 4134.35 
Net shoot uptake (昭）（8)-(1) 29.65 262.72 182.31 45.46 -440.18 1693.21 
Percentage uptake (%) 19.68 2.52 0.46 0.21 -141.76 2.96 
S25L4 Total metal from sludge addition (mg) 0.15 10.44 40.01 22.07 0.31 57.18 
Shoot uptake (^g) (9) 78.46 1236.34 314.88 343.11 591.51 4539.32 
Net shoot uptake (^g) (9) - (1) 16.20 486.64 220.46 ^-32.18 -371.50 2098.18 
Percentage uptake (%) 10.75 4.66 0.55 -0.15 -119.64 3.67 
S50L0 Total metai from sludge addition (mg) 0.30 20.89 80.02 44.14 0~62 11437 
Shoot uptake (fig) (10) 95.64 1173.58 457.50 482.30 257.25 5936.32 
Net shoot uptake (fig) (10)-(1) 33.38 423.88 363.08 107.01 -705.75 3495.18 
Percentage uptake (%) 11.08 2.03 0.45 0.24 -113.65 3.06 
S50L1 Total metal from sludge addition (mg) 0.30 20.89 80.02 44.14 0.62 114.37 
Shoot uptake (飓）（11) 72.16 1172.09 429.01 440.52 314.28 5554.87 
Net shoot uptake Gig) (11)-(1) 9.90 .422.39 334.59 65.23 -648.72 3113.73 
Percentage uptake (%) 3.29 2.02 0.42 0.15 -104.46 2.72 
S50L4 Total metal from sludge addition (mg) 0.30 20.89 80.02 44.14 0.62 114.37 
Shoot uptake (ng) (12) 64.35 1317.72 426.35 426.45 511.07 5179.98 
Net shoot uptake Gig) (12)-(1) 2.08 568.02 331.93 51.16 -451.93 2738.84 
Percentage uptake (%) 0.69 2.72 0.41 0.12 -72.78 2.39 
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4.3.6 Concentration of heavy metals in grass 
The cumulative uptake of heavy metals is relevant to their removal from the 
sludge-amended soils and potential contamination of food chain. To understand the 
phytotoxicity of heavy metals, it is necessary to analyze the concentrations of 
metals in the grass and to compare them against known toxic levels described by 
Katabata-Pendias (2001) or other studies. This is accomplished by adding up the 
monthly or bimonthly uptake of each heavy metal and divides it by the total biomass 
of the study period. In other words, the value represents the weighted mean of a 
particular metal and the results are summarized in Table 4.6. The toxic level of a 
particular metal derived from Katabata-Pendias (2001) is denoted by a range value, 
which represents known levels of different plant species. Hence, these threshold 
limits are not specific to common Bermudagrass. 
Table 4.6 Heavy metal concentrations (mg kg-1) (mean 士 SD, « = 5) in grass 
tissue from September 2004 to March 2006 
Treatment Cd Cr Cu Ni Pb Zn 
SOLO 0.80a±0.20 9.59a±3.48 1.22a±0.77 4.84c±2.33 12.39c±2.56 31.44c±2.17 
SOLI 0.56a±0.05 9.61a±3.24 0.84a±0.27 3.13ab± 0.68 5.55b±2.58 27.16b±3.36 
S0L4 0.62a±0.08 8.76a± 1.93 0.92a±0.15 2.71a±0.28 1.29a±0.43 23.41a±1.54 
S12.5L0 0.75a±0.23 9.33a±4.12 2.05b±0.22 4.03bc±0.65 3.79^+ 1.45 38.09d±1.84 
S12.5L1 0 . 7 1 a ± 0 . 1 5 1 1 . 3 9 a ± 3 . 5 7 2 . 4 2 1 ^ 士 0.28 4.81c 士 0.68 3.38ab± 1.13 30.60c±2.93 
S12.5L4 0.69a士0.14 7.48a± 1.37 之 - 巧 ^ 士 化 口 2.70a±0.60 3.20ab±2.39 32.99c±1.56 
S25L0 0.80a±0.35 7.78a士 2.57 2.98ef±0.57 4.14bc±0.63 4.29ab±0.81 47.75rf±2.82 
S25L1 0.85a士0.34 9.45a士 2.63 2.56cde±0.23 3.87abc±0.58 4.66ab±3.66 38.23d±1.44 
S25L4 0.69a±0.04 11.00a± 1.96 SJP&iO.lS 3.06ab±0.69 5.23b±4.64 40.22d±3.58 
S50L0 0.79a±0.10 9.64a± 1.79 3.76g±0.40 3.96bc±0.50 2.12ab± 1.78 48.74f士3.02 
S50L1 0.59a±0.05 9.48a± 1.75 3.47@士0.19 3.56ab± 0.33 2.53ab± 1.61 44.93e±3.07 
S50L4 0.49a±0.04 10.15a±2.21 3.29fg±0.45 3.29ab±0.22 4.01ab士3.71 39.90d±2.55 
5 - 30 5 - 30 20 - 100 10 - 100 30 - 300 100 - 400 
"(1)Source: Katabata-Pendias, 2001 
Column means sharing the same superscripts are not significantly different at < 0.05 by Duncan's 
Multiple Range Test. 
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The concentrations of heavy metals ranged 0.49-0.85 mg kg"1 for Cd, 
7.48-11.39 mg kg一1 for Cr, 0.84-3.76 mg kg一1 for Cu, 2.70-4.84 mg kg'1 for Ni, 
1.29-12.39 mg kg"1 for Pb, and 23.41-48.74 mg kg"1 for Zn (Table 4.6). With the 
exception of Cr, the concentrations of Cd, Cu, Ni, Pb and Zn did not exceed the 
lower limit of the toxic levels described by Katabata-Pendias (2001). In a similar 
study on heavy uptake by Bermudagrass grown in sludge-amended decomposed 
granite (Ngar, 1993)，the corresponding concentrations in grass shoots averaged 
0.18-0.64 mg kg-1 (Cd), 7.03-17.34 mg kg"1 (Cr), 5.92-24.70 mg kg"1 (Cu), 
3.81-14.58 mg kg"1 (Ni), 1.51-36.62 mg kg"1 (Pb), and 105.92-621.12 mg kg"1 (Zn). 
In another study on the accumulation and tolerance of heavy metals by 
Bermudagrass grown in lead and zinc mine tailings, the concentrations of Cu, Pb and 
Zn amount to 22.26, 351.15 and 688.76 mg kg-1, respectively (Shu et al； 2002). All 
these concentrations exceed either the lower or upper limit of the toxicity described 
by Katabata-Pendias (2001). Bermudagrass grown in fly ash accumulates 19.8-30.5 
mg kg"1 for Zn, 60.5-72.4 mg kg-1 for Cu, 4.4-12.0 mg kg"1 for Pb, and 8.4-13.0 
mg kg-1 for Ni (Maiti and Nandhini, 2006). The above studies clearly show that the 
concentrations of heavy metals in Bermudagrass are highly variable, depending on 
the metals, soils and amendment materials. Furthermore, Bermudagrass likely 
tolerates variable metal concentrations in their tissues. Indeed, no phytotoxic 
symptoms of the grass were found during the study. If sludge were used in slope 
bioengineering works, the tolerance of Bermudagrass to heavy metals may assist the 
invasion of shrubs or trees. Through the process of phytostabilization (Archer and 
Caldwell, 2004), the grass can absorb and accumulate heavy metals in their roots. 
This will reduce metal loading on the slope, thus paving the way for the invasion of 
species, enhancing biodiversity and improving naturalness of the slope. 
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In general, the lowest metal concentrations were associated with the lime 
loading rate of 4 g kg-1 DG and the highest concentrations with the lime loading rates 
of 0 or 1 g kg-1 DG. This finding reaffirms that lime had suppressed the 
bioavailability of heavy metals. In addition, there is the dilution effect of metal 
concentrations as a result of improved biomass growth under high sludge loading 
rates (see Chapter 3). Because of this dilution effect, the concentration of heavy 
metals did not necessarily increase with sludge loading rates, as did biomass yield. 
Under the same sludge loading rate, both biomass yield and the dilution effect 
should be uniform. When comparing treatments with the same sludge loading rate, 
any difference in metal concentration should probably be caused by lime only. In this 
regard, the effect of lime on aboveground biomass yield was minimal at sludge 
loading rates of 0，12.5 and 25 g kg一1 DG (see section 3.5.4). The dilution effect of 
aboveground biomass on metal concentrations as a direct result of liming was 
unlikely to have happened. In other words, the decrease in concentrations of Cd, Cu, 
Ni and Zn was more likely caused by lime's ability in suppressing metal 
bioavailability. At the maximum loading rate of sludge (50 g kg-1 DG), for instance, 
the concentration of Zn in the grass decreased significantly in the order 48.74 mg 
kg"1 (LO) > 44.93 mg kg"1 (LI) > 39.90 mg kg"1 (L4) (Table 4.6). This decrease 
fiirther reaffirms the synergic effect of sludge and lime. And, under this maximum 
sludge loading rate, lime had probably elevated biomass production by suppressing 
the bioavailability of heavy metals. 
Overall, shoot concentration of Cu and Zn tended to increase with sludge 
loading rate but not the other metals. This finding is comparable to the study by 
Touchton et al. (1976), in which Zn concentration in Bermudagrass increased with 
sludge application rate. In the aforesaid study by Ngar (1993)，Cd, Cu, Ni and Zn 
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uptake by Bermudagrass significantly increased, while Cr remained unchanged and 
Pb decreased, with sludge loading rate of 0，7.5, 15 and 30% (v/v). Regarding the 
role of lime, it lowered the concentrations of Cd, Cu, Ni and Zn in the grass tissues 
but had no apparent effects on Cr and Pb (Table 4.6). The present findings agree 
reasonably well with Ngar's (1993) study, except for the concentrations of Pb that 
decreased with lime loading rate. More recently, Zn uptake by Bermudagrass also 
decreased with lime amendment at 120-160 Mg ha-1, but not Pb (Ye et al., 2000). 
The effect of sludge and lime on metal concentrations of plants other than 
Bermudagrass has been extensively studied. For instance, sludge amendment 
increases significantly the concentrations of Cd and Zn in crop residues of pea 
(Krebs et al., 1998); Cr, Cu, Ni and Zn in the shoot of Brassica chinensis (Wong et 
al., 2001); and Ni and Zn in grain sorghum leaf but not Cd, Cr, Cu and Pb (Akdeniz 
et al； 2006). The findings obtained from this experiment, therefore, agree reasonably 
well with similar studies in the literature. Sludge amendment elevated the 
concentrations of Cu and Zn in the grass shoot while lime suppressed the 
bioavailability of Cd, Cu, Ni and Zn. 
In addition to the weighted metal concentrations described above, an attempt is 
made here to analyze the monthly and bimonthly concentrations in relation to the 
toxicity levels proposed by Katabata-Pendias (2001). The purpose is to examine the 
potential phytotoxicity of the metals to grass growth (Table 4.7). 
The concentration of heavy metals in the grass shoot decreased in the order of 
Zn > Cr > Pb > Ni > Cu > Cd, which is different from the toxicity range of Zn > Pb > 
Cu > Ni > Cr, Cd summarized by Katabata-Pendias (2001). 
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Table 4.7 Range of heavy metal concentrations in grass shoot throughout the 
study period 
Treatment Cd Cr Cu Ni Pb Zn 
SOLO 0.08-5.07 0.95-62.9« 0.38-4.83 0.44-23.37 4.76-53.85 \139-130.68 
SOLI 0.01-4.41 1.01-67.70 0.00-5.08 0.10-73.05 1.22-77.57 12.53-120.85 
S0L4 0.00 - 3.28 0.41-55.22 0.00-3.58 0.00-9.83 0.00-4.85 10.41-707.55 
S12.5L0 0.01 -3.69 0.76-5277 0.59-8.38 1.70-9.93 0.95-29.97 21.1^-106.39 
S12.5L1 0.04 - 4.66 0.78-5/.94 0.48-8.67 0.93-16.66 0 . 03-15 .72 16.15-91.08 
S12.5L4 0.04-4.33 OM-24.55 0.04-7.23 0.38-7.19 0.00-19.61 19.99-125.91 
S25L0 0.05 -2.30 0.61-17.63 1.25-7.31 1.75-7.14 0.57-17.38 31.68-/^.70 
S25L1 0.14-3.83 1.00-25.55 0.99-5.86 0.60-J0.78 0.21-107.05 24.79-86.96 
S25L4 0.01-4.64 \M-41,01 1.57-6.19 0.30-6.61 0.00-75.^5 24.99-85.51 
S50L0 0.08-3.45 2M-23.54 1.78-9.95 1.39-9.97 0.04-9.08 31.06-//2^7 
S50L1 0.02-2.61 26.97 1.14-8.72 0.94-9.09 0.83-11.98 29.71-95.43 
S50L4 0.04-1.73 1.45-25.07 1.30-8.54 1.29-6.11 0.00-23.88 24.86-89.32 
f toxfc^ 6 0 5-30 5-30 20-100 10-100 30-300 100-400 
(1)~Source: Katabata-Pendias, 2001 
Concentrations in italic indicate exceedance of the lower limits; and in bold the upper limits of the 
toxicity range. 
Throughout the study period, Cu was the only metal whose concentration did 
not exceed the lower limit of the toxicity range in all the 12 treatments. Although the 
concentrations of Cd, Ni, Pb and Zn had surpassed the toxicity range in some of the 
treatments, they were well below the upper limit and hence not considered 
phytotoxic. In contrast, Cr is a concern because its concentrations had frequently 
exceeded both the lower and upper limits of the toxicity range. This implies that Cr is 
potentially phytotoxic to grass growth and a risk to food chain contamination. What 
then has caused the high concentrations of Cr in the grass shoot? 
Reaction pH at the end of the experiment averaged 4.59-6.12. Owing to the 
continuous decomposition of organic matter in sludge and the addition of 
ammoniacal fertilizers, the soils were likely acidified in the process, but the 
acidifying effect might be neutralized by the concomitant release of lime. The pH of 
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the soils in the PVC columns is expected to be slightly lower or comparable to the 
range of 4.59-6.12 at the end of the experiment, as inferred from the leachate pH 
described in Chapter 5. Chromium accumulation in Bermudagrass is favored by pH 
in excess of 4.5 (Sampanpanish, 2006). A higher pH results in higher chances for Cr 
to become hexavalent, depending on the redox potential. As hexavalent Cr is more 
mobile and bioavailable than trivalent Cr, uptake increases at pH > 4.5. This explains 
why Cr uptake tended to increase slightly with lime loading rate (see section 4.3.1). 
On the whole, the concentration of Cr in treatments S12.5L4, S25L0, S25L1, 
S50L0, S50L1 and S50L4 had not exceeded the upper limit of the toxicity range. 
Zinc concentrations in treatments S12.5L4, S25L0 and S50L0 also surpassed the 
lower limit of the toxicity range, as did Ni and Pb in treatment S25L1. It is thus 
clearly shown that treatments S50L1 and S50L4 had achieved the best results in 
containing the concentrations of heavy metals in grass. In this connection, S50L4 
was also superior to S50L1. Thus, the maximum loading rates of sludge (50 g kg一1 
DG) and lime (4 g kg一1 DG) not only results in the highest aboveground biomass 
yield but also the lowest minimum monthly and bimonthly metal concentrations in 
the grass tissue. If this recipe were adopted in slope bioengineering works, it is 
environmentally sound and safe. 
4.3.7 Effect of pH on heavy metal uptake 
A low reaction pH enhances metal bioavailability while the opposite is true at 
higher pH (Smith, 1996). In the present experiment, lime was added to reduce metal 
bioavailability in the presence of sludge. Although the initial pH of the amended 
substrates had not been measured in the present study, liming can raise the sludged 
soil by approximately 1 unit to 6.9 (Krebs et al” 1998). 
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The pH of the amended substrates could be lowered by decomposition of 
organic matter contained in sludge and N mineralization. In other words, the variable 
pH during the study period might affect the heavy metal contents of Bermudagrass. 
The pH was only determined at the end of the experiment in March 2006 for fear of 
disturbance to the soil cores. It was nevertheless correlated with metal concentrations 
in that month (Table 4.8). 
Table 4.8 Correlation between reaction pH and heavy metal concentrations in 
March 2006 
Heavy metal Correlation coefficient (r) Level of significance 
Cd -0.081 NS 
Cr -0.148 NS 
Cu -0.235 NS 
Ni -0.172 NS 
Pb -0.185 NS 
Zn -0.508 *** 
*** p < 0.001; NS: not significant 
Metal concentrations in the grass were negatively correlated with pH in the last 
month of the study (March 2006), albeit only significant for Zn (Table 4.8). The 
elevated pH following lime addition was effective in suppressing the bioavailability 
of heavy metals. This finding agrees well with the belief that low pH may alter metal 
speciation and increase bioavailability to plants while high pH could impede heavy 
metal transport in soil (Lyberatos et al., 2004). In general, a drop in pH results in an 
increase in the mobility of Zn (Smith, 1996) while an increase in pH causes a 
simultaneous decrease of Cd (Sukreeyapongse et al., 2002), Cu and Zn (Epstein, 
2003). Specifically, Cd becomes mobile at pH 5.5-6.0; Cu, Ni and Zn at pH 5.0-5.5; 
Pb at pH < 4.5 (Blake and Goulding, 2002) and Cr at pH > 4.5 (Sampanpanish, 
2006). 
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4.3.8 Effect of heavy metal uptake on aboveground biomass 
As aforesaid in section 4.3.6, Cr was the only metal whose concentrations in the 
grass shoot had exceeded either the lower or upper limits of the toxicity range 
suggested by Katabata-Pendias (2001). Even if the concentrations of a particular 
metal fall outside the toxicity range, they can still have cumulative toxic effects on 
grass growth. This section analyzes the correlation between metal concentrations and 
aboveground biomass for every harvest (Table 4.9). 
Table 4.9 Correlation between aboveground biomass and monthly and 
bimonthly metal concentrations 
Month Cd Cr Cu Ni Pb Zn 
Sept 04 0.172 0.224 0.632*** 0.030 -0.026 0.014 
Oct -0.169 0.197 0.256 * 0.533 *** -0.441 *** -0.349 ** 
Nov -0.356 ** -0.010 0.705 *** -0.797 *** -0.389 ** 0.542*** 
Dec -0.442 *** -0.508 *** 0.625 *** -0.368 ** -0.381 ** 0.074 
Jan 05 -0.789 *** 0.375 ** 0.732*** 0.189 -0.259 * -0.279 * 
Feb -0.272 * 0.657*** -0.134 0.340** -0.500 *** -0.526 *** 
Mar -0.386 ** -0.078 0.466 *** 0.448 *** -0.227 -0.375 ** 
May -0.457 *** 0.144 0.425 ** -0.308 * -0.216 -0.180 
Jul -0.436 ** 0.366 ** 0.679 *** 0.060 -0.256 * 0.596 *** 
Sept 0.069 0.020 -0.066 0.325* -0.099 0.147 
Nov 0.202 -0.262 * 0.168 -0.243 0.018 -0.203 
Jan 06 -0.261 * -0.136 0.273 * -0.020 -0.281 * 0.338** 
Mar -0.196 -0.118 0.267 * 0.079 0.295 * 0.127 
*** p < 0.001; **p< 0.01; *p< 0.05 
Values without asterisk indicate statistically not significant. 
Aboveground biomass was affected by different metals either positively, 
negatively, or both throughout the study. In general, the concentrations of Cu were 
positively correlated with aboveground biomass, with r values ranging from 0.256 (p 
< 0.05) to 0.732 (p < 0.001). Conversely, a negative correlation was found for Cd and 
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Pb. The r values of Cd ranged from -0.261 (p < 0.05) to -0.789 (p < 0.001); and Pb 
from -0.256 (p < 0.05) to -0.500 (p < 0.001). As for Cr, Ni and Zn, there were no 
discernible patterns of correlation; metal concentrations were either positively or 
negatively correlated with aboveground biomass (Table 4.9). 
Copper is a micronutrient required by plants and its deficiency is not uncommon 
(Katabata-Pendias, 2001). Thus, the metal is likely beneficial to Bermudagrass 
growth. In comparison, the negative coefficients of Cd and Pb suggest that these two 
metals were not beneficcial to grass growth. Although the concentrations of these 
two metals had not exceeded the lower limit of the toxicity range, the growth of 
Bermudagrass was unlikely maximized. Indeed, elevated Cd concentration is 
detrimental to plant growth (Bolan et al., 2003a). 
The lack of a clear relationship between biomass and the concentrations of Cr, 
Ni and Zn implies that these metals may play a dual role in plant nutrition. Nickel 
and Zn are in fact micronutrients (Carrow et al., 2001) needed by Bermudagrass; yet 
excessive uptake may result in phytotoxicity (Epstein, 2003). Whether Ni and Zn 
will promote or deter grass growth depends on their uptake and concentrations in the 
tissues. Chromium is not a nutrient; hence the positive correlation between 
concentrations and biomass does not necessarily imply that the metal is beneficial to 
grass growth. It was likely induced by the positive effects exerted by other metals, 
such as Cu, when Cr concentration had not reached the toxicity level. Excessive Cr 
uptake is expected to incur phytotoxicity (Epstein, 2003), resulting in a negative 
correlation with aboveground biomass. 
Another interesting phenomenon is that most of the significant correlations 
occurred before September 2005 or within the first year of growth. Although some 
significant correlations were also detected after September 2005, their strength was 
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generally weaker than before. Incidentally, optimum biomass growth also occurred 
within the first year of sludge and lime amendments (see Chapter 3). The uptake or 
release of heavy metals from the sludge might have slowed down after one year into 
the experiment. The heavy metals were not recycled due to removal of the clippings, 
hence reducing gradually their reserve in the soil mix. Being tolerant to elevated 
metal concentrations, Bermudagrass could have evolved co-tolerance to Pb, Zn and 
Cu. In other words, the high tolerance to Pb, Zn and Cu might be caused by the 
overall elevated metal concentrations (Shu et al； 2002). Indeed, Bermudagrass at an 
abandoned mine site is found to tolerate high concentrations of Cd (14 士 10 mg kg-1), 
Cu (35 士 28 mg kg"1), Pb (658 土 931 mg kg"1) and Zn (828 士 542 mg kg"1) in shoot, 
and adapt to a wide range of Cd, Cu and Pb concentrations in soil (Archer and 
Caldwell, 2004). The tolerance to Cr is manifested by the survival rates of 89，78 and 
67% when Bermudagrass was grown at Cr6+ concentrations of 100,200 and 400 ppm, 
respectively (Sampanpanish et al” 2006). Although Ni was not included in the above 
studies, there also exists the possibility of nickel's co-tolerance with other metals in 
the present study. 
Despite the variable effects of metal concentrations on aboveground biomass, 
their contribution to aboveground biomass is best illustrated by a multiple regression 
model summarized in Table 4.10. In this regression model, the independent variable 
x is the weighted concentration of a particular metal. Again, Cu is the only metal 
nutrient that was beneficial to aboveground biomass, yielding the highest beta weight 
(standardized coefficient) of 0.84 (p < 0.001). The only metals that are potentially 
phytotoxic to biomass growth were Ni and Pb, yet they were not statistically 
significant (Table 4.10). 
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Table 4.10 Effect of weighted heavy metal concentrations (x) on aboveground 
biomass yield (y)(1) (n = 60) 
Unstandardized Standardized 
Coefficients Coefficients 
Model B Std. Error Beta t Sig. 
I (Constant) 62.99 7^86 8^ 01 0.000 
Cd concentration (xO 1.08 7.26 0.01 0.15 0.882 
Cr concentration (jc2) 0.56 0.49 0.08 1.15 0.254 
Cu concentration (jc3) 15.85 2.41 0.84 6.58 0.000 
Ni concentration (jc4) -2.16 1.41 -0.12 -1.53 0.133 
Pb concentration fe) -0.19 0.37 -0.04 -0.52 0.603 
Zn concentration fa) 0.14 0.29 006 0.47 0.638 
(1) Multiple regression model: 
y = 62.99 +1.08 jci +0.56 x2 +15.85 x3 -2 .16^ -0.19 x5 + 0 . 1 4 _ r2 = 0.801;p < 0.001 
The lack of adverse effect on grass growth was also manifested by the 
significant and proportionate increase of aboveground biomass with sludge loading 
rate (Table 3.4). This agrees reasonably well with the finding that there is no yield 
reduction in coastal Bermudagrass grown for 4 years on field panels amended with 
sewage sludge (Touchton et al., 1976). Similar results are also obtained for 
Bermudagrass grown on four different soils amended with secondarily treated 
sewage effluent (Brown et al., 1983). 
4.4 Summary 
The findings obtained from the present experiment are summarized below. 
1. Common Bermudagrass survived in all the PVC columns packed with DG that 
had been amended with different sludge and lime loading rates. 
2. The uptake of heavy metals by Bermudagrass during the study period decreased 
in the order Zn > Cr > Pb, Ni > Cu > Cd. Sludge amendment enhanced 
significantly the uptake of Cu and Zn and, to a certain extent, Cd, Cr and Ni. 
Conversely, the uptake of Pb was significantly lowered in the sludge-amended 
DG than the unsludged DG Lime had effectively suppressed the uptake of Cd, 
Pb and Zn by Bermudagrass but not Cr, Cu and Ni. 
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3. Overall, metal uptake was more affected by sludge than lime. While the 
cumulative uptake of Cd, Cr, Cu, Ni and Zn increased with sludge loading rate, 
Pb uptake was variable and complicated by higher content of the metal in DG 
than sludge. In contrast, liming reduced the uptake of Cd, Cu, Ni and Zn, but 
enhanced that of Cr. As for Pb, its uptake dropped proportionately with lime 
addition under low sludge amendment rate (12.5 g kg-1 DG), but increased at 
higher sludge loading rates (25 and 50 g kg-1 DG). Overall, the percent uptake 
of heavy metals by grass was lowest at the maximum sludge and lime loading 
rates of 50 and 4 g kg-1 DQ respectively. 
4. The concentrations of heavy metals in the shoot decreased in the order Zn > Cr 
> Pb > Ni > Cu > Cd. Again, the concentrations of Cu and Zn increased 
proportionately with sludge loading rate but not other metals. Lime was 
negatively correlated with the concentrations of Cd, Cu, Ni and Zn, yet its 
relationship with Cr and Pb was less conspicuous. 
Reaction pH affected metal bioavailability in the soil mix. In the last harvest, 
pH was negatively correlated with concentrations of the six heavy metals, albeit 
only significant for Zn. 
5. With the exception of Cr, both the weighted and monthly and bimonthly 
concentrations of metals seldom exceeded the limits of known toxicity 
standards. Chromium had surpassed the upper limit of toxicity standards in half 
of the treatments. Again, the minimum monthly and bimonthly concentrations 
of metals were lowest at the maximum sludge and lime loading rates of 50 and 
4 g kg-1 DQ respectively. 
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Metal concentrations had different effects on aboveground biomass yield. 
Copper was the only metal nutrient that had significantly increased the shoot 
biomass of Bermudagrass. Where monthly concentrations of metals were 
significantly correlated with biomass yield, positively or negatively, they tended 
to occur more frequently within the first year of growth. 
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CHAPTER FIVE 
EFFECT OF SLUDGE AND LIME ON HEAVY METALS IN LEACHATE 
5.1 Introduction 
The uptake of heavy metals by common Bermudagrass had been examined in 
Chapter 4 and no phytotoxic symptoms were found at the prescribed sludge loading 
rates. Besides the potential impact on plants, heavy metals released from sludge can 
also pollute water bodies (Keller et al., 2002; Mantovi et al.，2003) through leaching 
and surface runoff. Heavy metals in leachate incur a risk because they are toxic and 
non-biodegradable through time (Barbier et al” 2002). 
Leaching occurs when the amount of water input exceeds the water-retention 
capacity of the soil. Most soil leaching occurs as gravitational water drains from 
larger pores prior to reaching field capacity, and transports chemicals such as heavy 
metals into groundwater, streams and rivers eventually (Brady and Weil, 2002). The 
number and size of the macropores determine the occurrence of rapid leaching 
through these pores. Well-drained coarse-textured soils and soils with preferential 
pathways allow heavy metals to move quickly through the soil horizons and down 
into the groundwater (Brady and Weil, 2002; Keller et al., 2002). 
The mobilization of heavy metals into groundwater depends not only on soil 
properties and water status, but also on the balance of solubilized soil-bound metals 
and metal uptake by plant (Shen et al., 2002), which is largely related to reaction pH. 
While metal speciation can be altered and bioavailability increased at low pH 
condition, metal transport in soil is impeded under high pH condition (Lyberatos et 
al” 2004). Liming materials have been applied to raise soil pH, facilitate metal 
adsorption to colloids (Bolan et al； 2003b) and enhance the formation of metal 
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precipitates (Epstein, 2003), thereby reducing the bioavailability and mobility of 
heavy metals. In addition to the bioavailable fractions of heavy metals, those bound 
to dissolved organic matter are also prone to leaching (McBride et al； 1999; Schwab 
et al, 2007). 
The present experiment investigates the leaching of heavy metals from DG that 
had been amended with sludge and lime. It is a continuation of the experiment 
described in Chapter 4, and the leachate was collected from a depth of 20 cm in the 
PVC column. The results obtained will provide answers to the following specific 
questions: 
1 • How do sludge and lime amendments affect the volume of leachate? 
2. How does leachate pH change with time? What are the effects of sludge and lime 
on leachate pH? 
3. Will heavy metals be leached from the soil columns amended with sludge and 
lime? If yes, how are the heavy metals in leachate related to sludge and lime 
amendments? Are leachate pH and heavy metal contents interrelated? 
5.2 Materials and methods 
The set up of the experiment, including preparation of the soil mix, grass 
establishment and routine management, had been described in Chapter 3. This 
section describes the procedures for the collection of leachate from the PVC soil 
columns and the analysis of heavy metals only. 
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5.2.1 Leachate collection 
In this experiment, leachate production from the PVC soil columns was 
accomplished by manual watering of the grass. The amount of water applied to each 
column was in unit of 115 mL RO water. It is equivalent to a daily rainfall of 6.07 
mm per column, which was calculated based on the 30-year (1961-1990) average 
annual rainfall in Hong Kong (Hong Kong Observatory, 2004). In this regard, an 
average value of a meteorological element over 30 years has been defined as a 
climatological normal (National Climatic Data Center, 2004). Regardless of the 
water status of the soil, watering was ceased when gravitational water appeared in all 
the 60 columns. Although the amount of water applied to each column, in units of 
115 mL, was not fixed for each leachate collection, it was the same for all the 60 
columns (Table 5.1). The amount of water applied to initiate leachate production 
varied from a minimum of 690 mL in September 2005 to a maximum of 1955 mL in 
November 2004. In between leachate collection, normal watering of the grass as 
described in Chapter 3 was resumed. 
Table 5.1 Amount of water added during each leachate collection 
Month Amount of water added (mL) 
Nov 2004 1955 (17 x 115) 
Dec 1610 (14 x 115) 
Jan 2005 1035 ( 9 x 115) 
Feb 1150 (10 x 115) 
Mar 1150 (10 x 115) 
May 1380 (12 x 115) 
Jul 1495 (13 x 115) 
Sept 690 ( 6 x 115) 
Nov 1150 (10 x 115) 
Jan 2006 1035 ( 9x 115) 
Mar 1380 (12 x 115) 
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The leachate passing through the 20-cm soil column was collected by a 1-L 
beaker, which was acid-washed and covered with parafilm to keep away the dust. 
The leachate was collected monthly from November 2004 to March 2005, and 
bimonthly thereafter until March 2006 partly due to the constraint of manpower. 
5.2.2 Analysis of leachate 
The volume of leachate was determined gravimetrically and the five replicates 
were averaged to give the mean leachate production of a particular month, from 
November 2004 to March 2006 (Table 5.2). The leachate was then filtered through 
Whatman No. 5 filter paper to remove any particulate matter or soil particles, though 
negligible in all the samples. The pH of the filtrate was measured by the glass 
electrode method. The samples were stored in the fridge at 4 ± 1 � C to slow down 
microbial activity prior to heavy metal analysis. 
The concentrations of Cd, Cr, Cu, Ni and Pb were detected by the 
SpectrAA-640Z Graphite Furnace Atomic Absorption Spectrophotometer, and Zn by 
the SpectrAA-200 Flame Atomic Absorption Spectrophotometer. Apparatus and glass 
wares having contact with the samples were pre-washed with 10% HNO3 to avoid 
the risk of contamination. 
5.2.3 Statistical analysis 
As leachate was generated by watering of the grass manually, the total amounts 
of heavy metals leached instead of their concentrations in the leachate would be 
analyzed in the present study. Duncan's Multiple Range Test was performed to 
elucidate the differences in leachate volume, pH and heavy metal contents among the 
12 treatments. Multiple regression models were employed to examine the 
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contribution of sludge and lime to the volume, pH and cumulative heavy metal 
contents of the leachate. Pearson correlation analysis was also conducted to 
investigate separately the relationship between aboveground biomass and leachate 
volume, and leachate metal contents and pH. Statistical Package for Social Sciences 
(SPSS) 13.0 for Windows was adopted for the above analyses. 
5.3 Results and discussion 
This section describes the volume, pH and metal contents of the leachate, with 
special emphasis on the effect of sludge and lime. 
5.3.1 Effect of sludge and lime on leachate volume 
Although leachate was initiated by manual watering of the grass, sludge and 
lime are expected to have an indirect influence by promoting grass growth and 
moderating the soil physical properties, including inter alia water retention and 
transmission. The amount of leachate fluctuated greatly with months and treatments. 
At the treatment level, there appeared a bimodal peak production pattern and yet 
these peaks did not occur at the same season. In the unsludged treatment, for instance, 
peak production coincided with November 2004 (1025-1233 mL) and July 2005 
(948-1058 mL). The corresponding peaks in the treatment amended with sludge at 
the loading rate of 50 g kg-1 DG were December 2004 (522-557 mL) and September 
2005 (492-544 mL) (Table 5.2). In between these two peaks, the leachate started to 
decline consistently with time in the unsludged treatment. In the sludged treatments, 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The total volume of leachate recorded during the study period ranged from a 
minimum of 4396 mL (treatment S25L0) to a maximum of 8075 mL (treatment SOLI) 
(Table 5.2). The vast difference is clearly caused by sludge amendment, which not 
only retains more water in the soil but also promotes grass growth and hence 
increased water uptake. Although the root biomass was not examined in this study, it 
might have an effect similar to shoot biomass in reducing leachate volume. Indeed, 
shoot biomass is correlated with root biomass (Walker and Huntt, 1999), particularly 
at the later developmental status (Kof et al,, 2006). At the treatment level, therefore, 
leachate volume decreased with sludge loading rate, averaging 7354-8075 mL (0 g 
kg"1 DG) > 5380-5839 mL (12.5 g kg"1 DG) > 4396-5188 mL (25 g kg"1 DG) > 
4688-4813 mL (50 g kg一1 DG). The effect of lime on leachate volume was minimal 
as noted in the small differences within a specific sludge loading rate. For example, 
leachate volume varied from 5541 mL (S12.5L0) to 5839 mL (S12.5L1) and 5380 
mL (S12.5L4). The decrease of leachate volume with sludge loading rate was 
observed from November 2004 to July 2005. From September 2005 onwards, 
however, there was a slight increase of leachate volume with sludge loading rate 
though not significant statistically (Table 5.2). As such the differences in leachate 
volume between treatments had narrowed down considerably from 1.7-3.7 fold 
(November 2004 to July 2005) to 1.3-2.3 fold (September 2005 to March 2006). This 
change coincided with the reduction of aboveground biomass yield in the same 
month. It is not known if it was caused by a declining influence of the sludge with 
time. Alternatively, sludge amendment might have altered the water transmission 
property of DG to a point infiltration was substantially improved. 
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The combined effect of sludge and lime on leachate volume was further verified 
by multiple regression analysis. Overall, leachate volume was significantly correlated 
with sludge and lime amendments, which accounted for 59.2% of the variance 
throughout the study (Table 5.3). In particular, leachate volume was negatively 
corelated with sludge loading rate from November 2004 to September 2005 but 
positively thereafter. In contrast, lime had little effect on leachate volume (Table 5.3). 
Table 5.3 Relationship of leachate volume (mL) with loading rates of sludge (S) 
and lime (L) (n = 60) 
Month Regression equation r 2 
Nov 2004 Volume = 808.61 -12.40 S + 23.77 L 0.406 *** 
Dec Volume = 937.65 - 9.77 S + 4.49 L 0.539*** 
Jan 2005 Volume = 860.40 - 13.16 S + 10.02 L 0.830 *** 
Feb Volume = 853.63 - 8.49 S - 17.30 L 0.711 *** 
Mar Volume = 744.09 - 5.52 S -3 .44L 0.599 *** 
May Volume = 346.63 + 0.48 S -8 .05L 0.022 NS 
Jul Volume = 846.03 - 9.83 S + 13.82 L 0.494 *** 
Sept Volume = 366.08 + 3.17 S - 4.88 L 0.442*** 
Nov Volume = 282.31 + 2.79 S -1 .88L 0.472 *** 
Jan 2006 Volume = 411.30 -1 .22S-17 .23 L 0.100 NS 
Mar Volume = 395.54 + 1.56 S - 0.93 L 0.228 *** 
Total Volume = 6852.28 - 52.39 S -1 .60L 0.592 *** 
***p< 0.001; NS: not significant 
Underlined coefficients of sludge (S) and lime (L) loading rates represent insignificant contributions 
(p > 0.05) to the multiple regression models. 
Besides moderating the soil physical properties, sludge had exerted an indirect 
effect on leachate volume by controlling the aboveground biomass of the grass. In 
this regard, leachate volume and aboveground biomass was significantly but 
negatively correlated in most of the months (Table 5.4). The finding reaffirms that 
sludge had promoted grass growth, which in turn accelerated the absorption of water 
from the soil mix and its loss in evapotranspiration eventually. Less water will 
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percolate as a consequence. Thus, sludge can reduce leachate volume through 
improvement of DG's water-retention capacity. Indeed, water shortage is the most 
common reason for the failure of planting works in Hong Kong, especially on steep 
slopes (GEO, 2001a). The reduction of leachate volume in the sludge-amended DG 
has two additional benefits, including a lesser risk of metal pollution to the 
environment and the preservation of plant nutrients in the soil. 
Table 5.4 Correlation between above-ground biomass (g) and leachate volume 
(mL) 60) 
Month Correlation coefficient (r) 
Nov 2004 -0.896 *** 
Dec -0.849 *** 
Jan 2005 -0.955 *** 
Feb -0.926 *** 
Mar -0.887 *** 
May -0.286 * 
Jul -0.857 *** 
Sept 0.183 NS 
Nov 0.094 NS 
Jan 2006 -0.616 *** 
Mar -0.118NS 
***p< 0.001; *p< 0.05; NS: not significant 
Incidentally, the significant correlations of leachate volume with sludge (Table 
5.3) and aboveground biomass (Table 5.4) occurred mainly from November 2004 to 
July 2005. The correlations seemed to have disappeared with effect from September 
2005 or one year after sludge application. This is consistent with earlier results that 
sludge had enhanced biomass growth of the grass for one year only (Chapter 3). 
Likewise, the significantly negative correlations between biomass yield and metal 
concentrations had also disappeared after one year of sludge amendment (Chapter 4). 
The implications of these findings shall be discussed in Chapter 7. 
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5.3.2 Leachate pH and the effect of sludge and lime 
Water is weakly buffered against pH change; hence leachate pH is expected to 
change promptly with conditions in the soil mix, and to reflect on metal solubility 
and transport accordingly. Leachate pH increased progressively with time in the 
study, ranging from 4.14-5.31 in November 2004 to 4.50-7.37 in March 2006， 
regardless of treatments (Table 5.5). Overall, the leachate samples were strongly 
acidic to slightly alkaline in reaction，depending on the loading rates of sludge and 
lime. In the absence of sludge and lime amendments (SOLO), leachate pH remained 
strongly acidic (4.29-5.34) throughout the study. This is expected because the DG 
had a pH of 4.80 (Table 3.3). In the amended treatments, sludge lowered while lime 
raised pH of the leachate (Table 5.5). 
Leachate pH was generally lowest in treatments associated with the maximum 
loading rate of sludge (50 g kg一1 DG) and the minimum loading rate of lime (0 g kg-1 
DG). In other words, sludge added at the highest amendment rate tended to acidify 
the leachate significantly when the lime amendment rate happened to be the lowest. 
In contrast, the pH of leachate was likely raised when the lime amendment rate was 
the highest and sludge amendment rate was the lowest. In January 2006, for instance, 
the average pH of the leachate was 4.65 in the S50L0 treatment compared to 6.84 in 
the S0L4 treatment (Table 5.5). 
The combined effect of sludge and lime on leachate pH was verified empirically 
by the multiple regression analysis. Significant regressions were found throughout 
the study, except for the first measurement conducted in November 2004. In fact, the 
effect of sludge in lowering leachate pH was probably not realized during the first 4 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































from December 2004, as illustrated by the relatively low r2 value of 0.494 (Table 5.6). 
, � ^ 2 參 參 # 參 參 
Thereafter, the r values continued to increase with time accounting for 78.9-90.1% 
of the variance in leachate pH. 
Table 5.6 Relationship of leachate pH with loading rates of sludge (S) and lime 
(L) (n = 60) 
Month Regression equation r 2 
Nov 2004 pH = 4.64 + 0.01 S + 0.07 L 0.098 NS 
Dec pH = 4.71 -0.01 S + 0.25 L 0.494 *** 
Jan2005 pH = 5.19-0.02 S + 0.34L 0.789 *** 
Feb pH = 5.21- 0.02 S + 0.33 L 0.841 *** 
Mar pH = 4.87-0.01 S +0.44 L 0.820*** 
May pH = 4.49 -0.01 S + 0.48 L 0.824 *** 
Jul pH = 4.91 一 0.01 S + 0.44 L 0.901 *** 
Sept pH = 5.55-0.02 S +0.47 L 0.856*** 
Nov pH = 4.84 - 0.02 S +0.55 L 0.890*** 
Jan 2006 pH = 5.36 - 0.02 S + 0.42 L 0.875 *** 
Mar pH = 5.18-0.02 S +0.57 L 0.894*** 
*** p < 0.001; NS: not significant 
Underlined coefficients of sludge (S) and lime (L) loading rates represent insignificant contributions 
(p > 0.05) to the multiple regression models. 
It is reaffirmed in the regression models that sludge lowered while lime raised 
the pH of the leachate, as illustrated by the negative coefficients and positive 
coefficients, respectively. This is expected because during decomposition of the 
organic matter contained in sludge, organic acids were released (Wong et al” 2000). 
Nitrification of the sludge and Nitrophoska fertilizer together further release 4 If1" 
ions to acidify the soil. Since the fertilization rate was identical for all the treatments, 
its effect on leachate pH should be uniform across the treatments. Sludge was, 
therefore, a dominant factor in lowering leachate pH and because of this, the lowest 
leachate pH was associated with the maximum sludge loading rate of 50 g kg-1 DG. 
As water is weakly buffered against pH change, the leachate pH will be lowered 
simultaneously. Nitrification did not seem to occur immediately after sludge 
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amendment because the average pH between treatment S50L0 (5.05) and treatment 
SOLO (5.10) was not significantly different in November 2004. The difference 
became significant, however, in January 2004 or 5 months after the addition of 
sludge. 
Liming raised leachate pH by neutralizing the H+ ions in soil. Thus, the highest 
leachate pH was detected in treatments with the maximum lime loading rate of 4 g 
kg-1 DG. From an environmental point of view, liming can optimize the benefits of 
sludge and their combined effect on leachate pH had lasted for at least 20 months. 
The pH of the 60 columns of soil had been measured at the end of the study in 
March 2006 (Chapter 4). They averaged 5.59-6.12 compared to the average leachate 
pH of 4.50-7.37 in the same month (Table 5.5). In the subsequent correlation analysis, 
the soil pH was positively correlated with leachate pH (r = 0.947, p < 0.001). It is 
fairly safe to surmise that there existed a similar relationship between soil pH and 
leachate pH for rest of the months. In other words, soil pH though not measured in 
the present study for most of the time, can be extrapolated from the corresponding 
leachate pH. When leachate pH (or reaction pH) reached the range of 5.5-7.0, many 
nutrients become available for plant growth (Emmons, 2000; Brady and Weil, 2002). 
The alkaline pH associated with treatments S0L4 and S12.5L4 fell outside the 
preferred range, and hence were not favorable to grass growth. Likewise, the pH 
values of treatments SOLO, S12.5L0, S12.5L1, S25L0, S25L1, S50L0 and S50L1 
were generally below 5.5 and not ideal for grass to grow in terms of nutrient supply. 
In the present study, the most ideal pH for plant growth was found in treatments 
S25L4 and S50L4, as inferred from the corresponding leachate pH. The slightly 
acidic reaction may also inhibit metal solubility and this issue will be addressed in 
the ensuing sections. 
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5.3.3 Heavy metal contents in leachate 
The amount of metals leached from the soil columns varied greatly, ranging 
from a minimum of 3.17 fig for Cr to a maximum of 2.39 mg for Zn. They tended to 
fluctuate with treatments and seasons. Overall, metal contents in leachate decreased 
in the order of Zn > Ni > Pb, Cd > Cu > Cr (Table 5.7). 
Table 5.7 Cumulative heavy metal contents (jug) in leachate (mean*, n = 5), 
November 2004 to March 2006 
Treatment Cd Cr Cu Ni Pb Zn 
SOLO 12.05a 33.38a 6.24a 21.09a 45.59cd 190.26a 
SOLI 6.08a 6.05a 4.52a 7.92a 34.81bc 183.53a 
S0L4 13.24a 7.25a 4.77a 17.09a 65.64ef 155.71a 
S12.5L0 29 .29^ 12.24a 18.33b 130.93bc 65.16ef 618.07bc 
S12.5L1 24.72abc 12.75a 13.03ab 61.89ab 43.55cd 318.91ab 
S12.5L4 5.69a 3.17a 9.03ab 18.23a 7.27a 154.65a 
S25L0 70.87d 10.77a 44.58d 272.32d 66.93ef 1321.44d 
S25L1 53.48bcd 12.94a 29.84c 167.76° 51.17cde 678.40° 
S25L4 20.83ab 5.27a 16.60b 44.77ab 15.638 200.32a 
S50L0 128.88e 14.76a 89.51f 553.03f 72.85f 2393.586 
S50L1 122.61e 15.39a 59.596 407.03e 56.65def 1402.59d 
S50L4 55.08cd 11.00a 38.69cd 153.65c 24.14ab 468.93abc 
Column means of each metal sharing the same superscripts are not significantly different at/? < 0.05 
by Duncan's Multiple Range Test. 
* For brevity, the standard deviations of the means in this table are separately shown in the rightmost 
column in Appendices 5.1-5.6. 
Cadmium 
The total amount of Cd leached ranged from 5.69 (S12.5L4) to 128.88 |ag 
(S50L0). The amount leached increased with sludge loading rate, averaging 
6.08-13.24 i^g (0 g kg"1 DG) < 5.69-29.29 i^g (12.5 g kg"1 DG) < 20.83-70.87 ^g (25 
g kg"1 DG) < 55.08-128.88 i^g (50 g kg一1 DG). In comparison, Cd leaching tended to 
decrease with lime loading rate: 12.05-128.88 pg (0 g kg"1 DG) > 6.08-122.61 i^g (1 
g kg"1 DG) > 5.69-55.08 卩 g (4 g kg"1 DG) (Table 5.7). 
119 
Chromium 
The total amount of Cr leached was the smallest among the six heavy metals, 
ranging from 3.17 (S12.5L4) to 33.38 |iig (SOLO). Unlike Cd, there was no 
discernible pattern between the leaching of Cr and sludge loading rate, which 
averaged 6.05-33.38 jug (0 g kg"1 DG), 3.17-12.75 jug (12.5 g kg-1 DG), 5.27-12.94 
jug (25 g kg"1 DG) and 11.00-15.39 [ig (50 g kg"1 DG). Conversely, the amount 
leached seemed to decrease with lime loading rate in the order of 10.77-33.38 jug (0 
g kg—1 DG) > 6.05-15.39 i^g (1 g kg"1 DG) > 3.17-11.00 昭 ( 4 g kg"1 DG) (Table 
5.7). 
Copper 
The total amount of Cu leached ranged from 4.52 (SOLI) to 89.51 jig (S50L0). 
Similar to Cd, the leaching of Cu was elevated by the addition of sludge, in the 
ascending order of 4.52-6.24 pg (0 g kg"1 DG) < 9.03-18.33 (ig (12.5 g kg"1 DG) < 
16.60-44.58 昭(25 g kg"1 DG) < 38.69-89.51 jug (50 g kg"1 DG). In contrast, Cu 
leaching was suppressed by lime amendment, in the descending order of 6.24-89.51 
t^g (0 g kg"1 DG) > 4.52-59.59 jag (1 g kg"1 DG) > 4.77-38.69 |ag (4 g kg"1 DG) 
(Table 5.7). 
Nickel 
The total amount of Ni leached ranged from 7.92 (SOLI) to 553.03 jug (S50L0). 
Similar to Cd and Cu, the leaching of Ni increased proportionately with sludge 
loading rate, in the order of 7.92-21.09 pg (0 g kg—1 DG) < 18.23-130.93 i^g (12.5 
g kg-1 DG) < 44.77-272.32 i^g (25 g kg"1 DG) < 153.65-553.03 ^g (50 g kg"1 DG). A 
reverse trend was found for the effect of lime, in the descending order of 
21.09-553.03 i^g (0 g kg"1 DG) > 7.92-407.03 |ig (1 g kg"1 DG) > 17.09-153.65 i^g (4 
g kg-1 DG) (Table 5.7). 
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Lead 
The total amount of Pb leached ranged between 7.27 (S12.5L4) and 72.85 卩g 
(S50L0). Similar to Cr, the leaching of Pb was variable with sludge loading rate, 
averaging 34.81-65.64 jag (0 g kg-1 DG), 7.27-65.16 \ig (12.5 g kg"1 DG), 
15.63-66.93 |ig (25 g kg"1 DG) and 24.14-72.85 飓(50 g kg"1 DG). In contrast, the 
leaching of Pb decreased conspicuously with lime loading rate: 45.59-72.85 |ig (0 
g kg-1 DG) > 34.81-56.65 |ng (1 g kg"1 DG) > 7.27-65.64 jug (4 g kg"1 DG) (Table 
5.7). 
Zinc 
The total amount of Zn leached ranged from 154.65 (S12.5L4) to 2393.58 jag 
(S50L0). Similar to Cd, Cu and Ni, the leaching of Zn increased with sludge loading 
rate in the ascending order of 155.71-190.26 jig (0 g kg"1 DG) < 154.65-618.07 jug 
(12.5 g kg"1 DG) < 200.32-1321.44 i^g (25 g kg"1 DG) < 468.93-2393.58 ^g (50 
g kg-1 DG). In contrast, it decreased progressively with lime loading rate: 
190.26-2393.58 jig (0 g kg"1 DG) > 183.53-1402.59 i^g (1 g kg—1 DG) > 
154.65-468.93 jig (4 g kg"1 DG) (Table 5.7). 
5.3.4 Effect of sludge and lime on the leaching of heavy metals 
In general, the minimum amount of heavy metals in leachate was found in 
treatment SOLI or S12.5L4, and the maximum in treatment S50L0. In other words, 
metal leaching tended to increase with sludge amendment rate, with the exception of 
Cr, but decrease with lime amendment rate. This is expected because a higher sludge 
loading rate would likely contribute proportionately more soluble metals for leaching 
(Ryuet al.，2003). 
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To investigate the effect of sludge on the amount of heavy metals leached, 
treatments SOLO, S12.5L0, S25L0 and S50L0 were subjected to Duncan's Multiple 
Range Test. The rationale of choosing these four treatments for the test was to 
eliminate the effect of lime, and the results are summarized in Table 5.8 and 
Appendices 5.7-5.12. 
Table 5.8 Cumulative heavy metal contents in leachate (|iig) (mean*, « = 5) in 
the absence of lime, November 2004 to March 2006 
Treatment Cd Cr Cu Ni Pb Zn 
SOLO 12.05a 33.38a 6.24a 21.09a 45.59a 190.26a 
S12.5L0 29.29a 12.24a 18.33a 130.93ab 65.16b 618.07a 
S25L0 70.87b 10.77a 44.58b 272.32b 66.93b 1321.44b 
S50L0 128.88° 14.76a 89.51e“ 553.03° 72.85b 2393.58° 
Column means of each metal sharing the same superscripts are not significantly different at < 0.05 
by Duncan's Multiple Range Test. 
* For brevity, the standard deviations of the means in this table are separately shown in the rightmost 
column in Appendices 5.7-5.12. 
With the exception of Cr, the amount of heavy metals leached increased 
significantly with sludge loading rate. For instance, Cd leaching increased 
progressively from 12.05 i^g (SOLO) to 29.29 i^g (S12.5L0), 70.87 |ng (S25L0) and 
128.88 jag (S50L0). For Pb, although the amounts leached were not significantly 
different among the three sludged treatments, they were nevertheless significantly 
higher than the control. Thus, sludge is a major source of mobile metals in the 
leachate and is a potential threat to the environment. 
The effect of lime in suppressing the leaching of Cd, Cu, Ni, Pb and Zn is 
unequivocal and ecologically important (Table 5.7). To better understand the effect of 
lime, a separate analysis was performed by dividing the 60 soil columns into 4 sludge 
treatment groups, viz. 0, 12.5，25 and 50 g kg—1 DG. The effect of lime on metal 
leaching in each treatment group was then subjected to Duncan's Multiple Range 
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Test. It is reaffirmed that lime had reduced significantly the leaching of heavy metals, 
with the exception of Cr (Table 5.9). In the absence of sludge amendment, lime had 
virtually no effects on the leaching of heavy metals including the DG-borne Pb. On 
the other hand, the effect of lime in reducing the leaching of Cd, Cu, Ni, Pb and Zn 
was significant in all the sludge treatment groups. This is consistent with lime's 
ability in immobilizing heavy metals owing to increased pH, adsorption to colloids 
(Bolan et al., 2003b) and the formation of metal-precipitates (Epstein, 2003). 
Table 5.9 Cumulative heavy metal contents in leachate (jug) (mean*, « = 5) of 
different sludge treatment groups, November 2004 to March 2006 
Treatment group Cd Cr Cu Ni Pb Zn 
1 SOLO 12.05a 33.38a 6.24a 21.09a 45.59a 190.26a 
SOLI 6.08a 6.05a 4.52a 7.92a 34.81a 183.53a 
S0L4 13.24a 7.25a 4.77a 17.09a 65.64a 155.713 
2 S12.5L0 29.29b 12.24a 18.33° 130.93c 65.16° 618.07c 
S12.5L1 24.72b 12.75a 13.03b 61.89b 43.55b 318.91b 
S12.5L4 5.69a 3.17a 9.03a 18.23a 7.27a 154.65a 
3 S25L0 70.87c 10.77a 44.58° 272.32c 66.93c 1321.44° 
S25L1 53.48b 12.94a 29.84b 167.76b 51.17b 678.40b 
S25L4 20.83a 5.27a 16.60a 44.77a 15.63a 200.323 
4 S50L0 128.88a 14.76a 89.5 l c 553.03b 72.85c 2393.58c 
S50L1 122.61a 15.39a 59.59b 407.03b 56.65b 1402.59b 
S50L4 55.08a 11.00a 38.69a 153.65a 24.14a 468.93a 
Column means of each treatment group and metal sharing the same superscript are not significantly 
different at/? < 0.05 by Duncan's Multiple Range Test. 
* For brevity, the standard deviations of the means in this table are separately shown in the rightmost 
column in Appendices 5.1-5.6. 
The lowest metal contents in leachate were associated with the highest lime 
loading rate within each treatment group. The liming rate of 4 g kg-1 DG is 
considered adequate in this regard. A higher lime amendment rate may result in an 
alkaline pH and the fixation of phosphorus by calcium. Extreme alkalinity may also 
lower microbial activity, resulting in lower N mineralization (Emmons, 2000). 
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Given the important but divergent roles of sludge and lime, multiple regression 
analysis was performed to evaluate their combined effect on metal leaching and the 
results are summarized in Table 5.10. Among the six heavy metals investigated, Cr 
was the only metal whose leaching was not significantly related to sludge and lime. 
For Cd, Cu, Ni, Pb and Zn, the amounts leached were significantly affected by 
sludge and lime loading rates. Among them the r2 values ranged from the minimum 
of 0.347 for Pb to the maximum of 0.818 for Cu. In this connection, metal leaching 
was positively correlated with sludge but negatively with lime, a finding already 
addressed in the previous paragraphs. Besides, sludge was not a significant 
contributor to the leaching of Pb. This finding is expected because DG contained 
more Pb than sludge in this study (Table 3.3). Because of this, a large proportion of 
the leached Pb must have derived from the DG instead of the sludge. 
Table 5.10 Relationship of heavy metal contents in leachate (fig) with loading 
rates of sludge (S) and lime (L) (n = 60) 
Heavy metal Regression equation r^  
Cd Cd leached = 18.78 + 1.91 S - 9.19 L 0.690*** 
Cr Cr leached = 16.49-0.01 S-2 .53L 0.092 NS 
Cu Cu leached M 10.43 + 1.18 S - 5.04 L 0.818*** 
Ni Ni ！eached = 68.19 + 7.28 S - 43.66 L 0.755*** 
Pb Pb ！ e a c h e d =56.74 + 0.11 S - 8.04 L 0.347*** 
Zn Zn ！eached = 449.14 + 25.60 S - 201.21 L 0.704*** 
*** p < 0.001; **p< 0.01; NS: not significant. 
Underlined coefficients of sludge (S) and lime (L) loading rates represent insignificant contribution (p 
> 0.05) to the multiple regression models. 
In the present experiment, different quantity of water had been applied to the 
soil columns in the generation of leachate. Notwithstanding this difference, the 
amounts of heavy metals leached were higher in the early months of the study than 
the later months (Appendices 5.1-5.6). It clearly shows that metal leaching can occur 
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immediately after sludge amendment and that the risk of metal contamination should 
decline with time. In this regard, Keller et al. (2002) suggest that metal leaching from 
loamy sand should at least be followed for two years after sludge application. 
5.3.5 Effect of pH on the leaching of heavy metals 
In section 5.3.2, leachate pH is found to have been affected by sludge and lime 
amendments. It is thus postulated that there exists a correlation between pH of the 
leachate and the total amounts of metals leached from the soil. To verify this 
conjecture, the monthly and bimonthly pH of the leachate and the amounts of heavy 
metals leached were subjected to a correlation analysis. Overall, heavy metal 
contents were negatively correlated with pH of the leachate (Table 5.11). Any rise in 
pH，such as increasing the lime loading rates from 0 to 1 and 4 g kg-1 DQ had 
significantly reduced the leaching of heavy metals from the soil. This is likely related 
to the increased solubility of most heavy metals with soil acidity (Sabey, 1980; 
Epstein, 2003). Soil acidification will lead to metal mobilization and leaching (Blake 
and Goulding, 2002). In contrast, the addition of carbonate-rich limestone will 
reduce heavy metal solubility, mobility and transport owing to the formation of 
metal-carbonate minerals (McGowen and Basta, 2001), such as PbCC>3 (McBride; 
1994; Epstein, 2003). Indeed, pH-dependent charges on soil colloids tend to 
deprotonate with pH. Metal ions are likely attracted towards these negatively charged 
sites and less will be leached. For instance, the adsorption of Cd2+ is found to 
increase with pH (Bolan et al., 2003a). 
The leaching of heavy metals was metal-specific, a finding similar to uptake by 
Bermudagrass (Chapter 4). For instance, Pb and Zn appeared to have stronger 
correlations with leachate pH while Cr was weakest overall. While the leaching of Pb 
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Table 5.11 Correlation between heavy metal contents in leachate (|ig) and pH in 
different months (n = 60) 
Month Cd Cr Cu Ni Pb Zn 
Nov 2004 -0.244 0.104 0.202 -0.160 -0.255 * -0.500 *** 
Dec -0.373 ** -0.110 -0.351 ** -0.451 *** -0.534 *** -0.535 *** 
Jan 2005 -0.611 *** -0.247 -0.548 *** -0.561 *** -0.745 *** -0.570 *** 
Feb -0.493 *** -0.225 -0.486 *** -0.618*** -0.753 *** -0.570 *** 
Mar ~0.573 *** -0.522 *** -0.555 *** -0.528*** -0.806 *** -0.515 *** 
May -0.450 *** -0.423 ** -0.335 *** -0.453 *** -0.663 *** -0.485 *** 
Jul -0.593 *** "0.567*** -0.534 *** -0.639 *** -0.819*** -0.666 *** 
Sept -0.633 *** -0.590 *** -0.606 *** -0.625 *** -0.796 *** -0.645 *** 
Nov -0.272 * -0.526 *** -0.427 ** -0.525 *** -0.778 *** -0.502 *** 
Jan 2006 -0.624 *** -0.625*** -0.626 *** -0.637 *** -0.863 *** -0.649 *** 
Mar -0.571 *** -0.420 ** -0.572 *** -0.466 *** -0.852 *** -0.632 *** 
*** p < 0.001; **p< 0.01; *p< 0.05 
Values without asterisk indicate statistically not significant 
and Zn was significantly and negatively correlated with leachate pH throughout the 
experiment, similar correlation had been delayed by one month for Cd, Cu and Ni, 
and 4 months for Cr. 
5.4 Summary 
The findings obtained from the present experiment are summarized below. 
1. Sludge significantly lowered leachate volume in the first year due to 
improvement in water-retention capacity of DG and increased water use by the 
Bermudagrass. Starting from September 2005, leachate volume had slightly 
increased with sludge loading rate, which indicates disappearance of the 
aforesaid sludge effect. In contrast, lime had no effect on leachate volume. 
2. Leachate pH increased progressively with time, which was strongly acidic to 
slightly alkaline in reaction. It decreased slightly with sludge loading rate, but 
increased substantially with lime loading rate. 
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3. The leaching of heavy metals decreased in the order of Zn > Ni > Pb, Cd > Cu > 
Cr. The amount of heavy metals in leachate increased significantly with sludge 
loading rate, with the exception of Cr and Pb. Conversely, liming tended to 
reduce the leaching of heavy metals from the soil mix, albeit not significant for 
Cr. Lastly, the amount of heavy metals leached was significantly and negatively 
correlated with leachate pH. 
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CHAPTER 6 
LEACHATE, SURFACE RUNOFF, SEDIMENT YIELD AND THEIR 
HEAVY METALS 
6.1 Introduction 
In Hong Kong, most hydroseeded slopes are dominated by decomposed granite 
that is coarse-textured, deficient in organic matter and nutrient contents, and poor in 
water- and nutrient-retention capacities. Amendment materials, such as mulch fiber, 
soil stabilizer and fertilizers, are added to maximize growth of the grass, stabilize the 
slope and improve the environment. Sludge is a potential amendment material that 
can provide organic matter and nutrients, as well as improve the water- and nutrient-
retention capacities of soil. Yet, the use of sludge is constrained by the presence of 
heavy metals that can be phytotoxic to plants and detrimental to the environment. 
Although liming materials have been added with success to suppress heavy metals in 
sludge (e.g. Basta and Sloan, 1999; McGowen and Basta, 2001; Bolan et al., 2003b; 
McBride et al., 2004; Wong and Selvam, 2006), there exists the possibility of 
environmental contamination under high-rainfall conditions in Hong Kong. For 
instance, a severe rainstorm on 30 April 1996 brought about 89 mm at the Hong 
Kong Observatory, and more than 110 mm in the northwestern part of Hong Kong 
Island, with a maximum instantaneous rate of 164 mm h"1 (Chan and Li, 1997). If 
sludge is employed to amend the DG on slopes prior to hydroseeding, heavy metals 
can be washed away in dissolved forms from the leachate and runoff, and in solid 
form from the sediment. Despite the potential benefits of sludge as a useful 
amendment material, it has never been trialed out in the field in Hong Kong. In the 
present experiment, common Bermudagrass is established in specially designed soil 
panel packed with DG and amended with the optimum loading rates of sludge and 
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lime obtained in Chapter 3. The grassed panels are then subjected to rainfall 
simulation at two intensities, viz. 40 mm h_1 and 80 mm h_1. Leachate, surface runoff 
and runoff sediments are collected during rainfall simulation and analyzed for heavy 
metals to elucidate the environmental risks of sludge in land application. Results 
obtained from this experiment will provide answers to the following questions: 
1. How will leachate production rate and runoff rate vary with the time of a 
rainfall event? 
2. What effects will rainfall intensity and sludge amendment have on the 
production rates and cumulative production of leachate and surface runoff? 
3. What are the effects of rainfall intensity and sludge amendment on runoff 
sediment yield and the associated loss of heavy metals? What is the role of grass 
cover in sediment yield? 
4. Were there heavy metals in the leachate and runoff? If yes, how will heavy 
metal concentrations in leachate differ from that in runoff? Do the 
concentrations of heavy metals in leachate and runoff fall within acceptable 
health and environmental standards? 
5. How do sludge amendment, rainfall intensity and the growth of Bermudagrass 
affect the cumulative loss of heavy metals in leachate and runoff? 
6. How is the cumulative loss of heavy metals in leachate compared to that in 
runoff? Could sludge be used as an organic amendment material in slope 
bioengineering works? 
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6.2 Materials and methods 
This section describes the materials and design of the experiment, post-planting 
care of Bermudagrass in the greenhouse, rainfall simulation and laboratory 
procedures for the chemical analysis of DG and sludge. 
6.2.1 Materials 
The experiment was carried out in the greenhouse and rainfall simulation 
laboratory of the Physical Geography Experimental Station of The Chinese 
University of Hong Kong. Common Bermudagrass was grown in specially designed 
soil panels made of PVC and strengthened by stainless steel bars. The panels were 
filled with DG that had been amended with sludge and lime. The DG was excavated 
from a construction site in Ho Man Tin, Kowloon, but was different from the batch 
used in Part 1 of the study (see Chapter 3). It was air dried, passed through a 1-cm 
sieve, and homogenized thoroughly before use. Five sub-samples were separately 
passed through a 2-mm sieve and 0.25-mm sieve for chemical analysis. The sludge, 
lime and fertilizer used in this experiment were the same as those used in Chapter 3. 
Common Bermudagrass (Cynodon dactylon) stolons were collected from a 
hydroseeded slope in Tai Tong East Borrow Area (TTEBA) in Yuen Long of the New 
Territories of Hong Kong, and cut into shorter sprigs of roughly 7-10 cm long. The 
PVC panels, each measuring 100 cm (L) x 50 cm (W) x 12.5 cm (D), were placed on 
a centre bench in the greenhouse. The outflow side of the panel for the collection of 
surface runoff was reduced from a height of 12.5 cm to 10 cm. An aluminum trough 
with an outlet spout was hooked to this end for the collection of runoff during rainfall 
simulation. The trough was covered by a foam board of similar size to prevent 
rainfall from entering the runoff container. At the bottom of each panel, 17 13-mm 
130 
diameter holes were drilled for the collection of leachate during rainfall simulation. 
These holes were spread out in 5 equally spaced rows across the panel, with 3 holes 
each for the top 4 rows and 5 holes for the last and bottom row. A polyethylene 
tubing was hooked to each hole for the collection of leachate (Figure 6.1 and Plate 
6.1). 
个 n ^ m — 
截 
Vi / / - aluminium trough 
Figure 6.1 Panel for grass growth and rainfall simulation 
_ 
‘ : . foam board 
I ‘ m m j 
Plate 6.1 Rainfall simulation on grassed panel tilted at 45° 
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6.2.2 Experimental design 
This experiment investigated the production of leachate, surface runoff and 
runoff sediments from the grassed panels as well as heavy metals contained therein. 
The loading rates of sludge and lime (S50L4) tested in Chapter 3 was adopted in 
designing the present experiment. Each panel or simulation panel was packed with 
DG to a height of 10 cm, equivalent to an air dry weight of 57.1 kg and a bulk 
density of 1.2 Mg m~3, which was similar to Part 1 of the study. The quantity of 
sludge and lime used was expressed as grams per kilogram of air dry DQ equivalent 
to 50 g kg-1 DG and 4 g kg-1 DG, respectively. Each soil panel, therefore, contained 
57.1 kg DQ 2.86 kg sludge and 0.24 kg dolomitic lime. The DQ sludge and lime 
were thoroughly homogenized in an electrical mixing machine made of stainless 
steel prior to packing. There were altogether 16 soil panels, eight of which were 
amended with the prescribed rates of sludge and lime (S) while the remaining eight 
receiving no amendment were the control panels (C). 
Two rainfall intensities, namely 40 and 80 mm h~ , were chosen for this study 
and hereafter referred to as low-intensity rainfall (L) and high-intensity rainfall (H), 
respectively. The grassed panel was tilted at 45° during rainfall simulation. The 
choice of rainfall intensities and slope gradient in rainfall simulation would be 
addressed in sections 6.2.3 and 6.2.4. Each treatment was replicated four times and 
the treatment details were summarized in Table 6.1. 
Table 6.1 The sludge and lime loading rates and rainfall intensities of simulation 
panels (n = 4) 
Treatment Sludge loading Lime loading Amount of Amount of Rainfall 
rate rate sludge per panel lime per panel intensity 
( g W D G ) (gkg^DG) (kg) (kg) (mm h1) 
CL 0 0 0 0 40 
CH 0 0 0 0 80 
SL 50 4 2.86 0.24 40 
SH 50 4 Z86 024 80 
Note: C (control); S (sludge-amended); L (low-intensity rainfall); H (high-intensity rainfall) 
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Bermudagrass in the simulation panel was established by stolonization on 27 
June, 2006. Each panel received around 200-300 g of the grass stolons, which were 
spread out evenly and covered by the same amount of DG to 1-cm thick. Nitrophoska 
12-12-17-2 was added as basal fertilizer to the panels, which was the same as that 
described in Chapter 3. The first dose was applied immediately after stolonization 
and the second a month afterwards. Forty-two grams of granular Nitrophoska 
fertilizer were applied evenly onto the soil surface, equivalent to 10 g N m~2 as 
described in Chapter 3. Triple Superphosphate 0-45-0 was added once to assist root 
development six weeks after stolonization, equivalent to a rate of 5 g P m~2. 
The grass had established successfully by mid-August 2006. Thereafter, 
Nitrophoska fertilizer was added after dissolving and diluting the granules in water, 
and the rate was reduced to 2.5 g N m一2 month-1 to replenish nutrients lost in clipping 
and rainfall simulation. It was not necessary to adjust the rate judging from the color 
and growth vigor of the grass. 
The newly stolonized panels were saturated with tap water to field capacity and 
left to grow inside the greenhouse. Unlike Part 1 of this study, tap water rather than 
reverse osmosis (RO) water was used because of the technical difficulty in producing 
and storing sufficient RO water for rainfall simulation. Furthermore, the net loss of 
heavy metals from the sludge-amended panels can be obtained by deducting the 
same from the control panels that were not amended with sludge. Thus, the error of 
contamination by heavy metals in tap water, if any, would be cancelled out. Around 
1000 mL of tap water was added daily to keep the soil moist but the amount would 
be adjusted according to the weather conditions. Nevertheless, the amount of water 
and frequency of watering were the same for every soil panel. 
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The grass was clipped to a height of approximately 15 cm on a monthly basis 
until three weeks before the first rainfall simulation in November 2005. Thereafter, 
the grass was clipped when they attained a height of roughly 20 cm, yet clipping was 
halted 2-3 weeks before subsequent rainfall simulation. The clippings were initially 
returned to the soil yet this practice was discontinued after the second month because 
they inhibited the emergence of new shoots. Fungal diseases and insects were 
likewise controlled by the spray of Bayleton and Carbaryl respectively, as described 
in Chapter 3. 
6.2.3 Rainfall intensities in simulation experiment 
The selection of rainfall intensities in simulation is based on the following 
rationales. First, according to National Research Project for Simulated Rainfall, 
simulation should be conducted at an intensity corresponding to a ten-year storm of 
the location (SERA-17, 2006), which is 83.2 and 82.0 mm h"1 for Hong Kong 
according to different sources (Lam and Leung, 1994). Also, at a return period of 10 
years, the annual extreme maximum rainfall intensity at 60-minute intervals is 
around 80 mm h_1 (Figure 6.2) (Cheng and Kwok, 1966). Based on the March 
1998-May 2007 statistics on rainstorm warnings from the HKO Warnings and 
Signals Database (Hong Kong Observatory, 2007), black warning signal (> 70 
mm h-1) accounted for 4.12% of the total of 267 rainstorm signals. It is not rare to 
have rainfall intensity in excess of 70 mm h-1，hence 80 mm h_1 was selected in the 
present study to represent high-intensity rainfall condition in Hong Kong. 
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Figure 6.2 Annual extreme maximum intensity of rainfall in a 60-minute interval 
Source: Cheng and Kwok, 1966 
According to the aforesaid database on rainstorm warnings, amber (30 mm h"1 < 
intensity < 50 mm h"1) and red (50 mm h一1 < intensity < 70 mm h-1) rainstorm 
signals accounted for 79.78% and 16.10% of the total rainstorm signals, respectively. 
In other words, rainfall simulation at 40 mm h_1 could cover around 80% of the total 
rainstorm signals in Hong Kong. It was, therefore, selected for the study to represent 
low-intensity rainfall condition in Hong Kong. Although drizzles are also common, 
they do not produce enough energy to detach and transport the soil particles. 
Furthermore, this kind of study is frequently constrained by manpower resource and 
limited growth space in the greenhouse. Thus, only two rainfall intensities viz. 40 
mm h_1 and 80 mm h_1 were selected for the simulation experiment. 
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6.2.4 Selection of slope gradient 
A gradient of 45° is usually the inclined angle of slopes associated with 
hydroseeding (GEO, 2001a). To simulate fluvial processes on hydroseeded slopes in 
Hong Kong, the grassed panels were therefore tilted at 45�. Furthermore, many 
artificial rainfall experiments and field observations show that soil erosion is 
proportional to 9 within certain slope 0, but decreases with 0 as 0 exceeds a certain 
value. In other words, soil erosion shall peak at the critical slope gradient of 41.5-50° 
(Liu et al., 2001). The selected gradient of 45°, therefore, falls within the range of 
critical slope gradient and can result in maximum soil erosion from hydroseeded 
slopes. 
6.2.5 Rainfall simulation 
Rainfall simulation was carried out to measure the amount of leachate, surface 
runoff and runoff sediments, as well as heavy metals contained therein. Rainfall 
simulator is designed to apply water in a form similar to natural rainstorms, and is 
useful for many types of soil erosion and hydrologic experiments. It is more rapid, 
more efficient, more controlled and more adaptable than natural rainfall research 
(Meyer, 1994). It is also more convenient in terms of the time spent on waiting for 
natural rainfalls. The technique has been employed successfully for the study of how 
vegetation density influences soil loss on degraded rangelands (Snelder and Bryan, 
1995)，how hedgerow plants on a purple soil slope land affect runoff and sediment 
yield (Cai and Lo，1999), and how heavy metals transport from dredged sediment to 
leachate and runoff (Singh et al； 2000). 
In the present experiment, simulated rainfalls were sprayed from oscillating 
VeeJet 80100 nozzle rainfall simulator, at pressure of 41 N m and energy of 20 
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J m"2 mm"1. The height of fall was 3 m from the centre of the simulation panel so 
that both large and small drops reach their terminal velocities before reaching the soil 
surface. 
Simulation experiments were carried out on a bimonthly basis, in November 
2006，January 2007 and March 2007, and each lasted for one hour. Two rainfall 
intensities were applied separately to the grassed panels, namely 40 and 80 mm h_1. 
The rainfall intensity was kept constant during simulation as this is a common 
practice to accelerate erosion process (Singh et al., 2000). 
The 60-minute rainfall period was divided into eight intervals for the collection 
of leachate and surface runoff. The first 20 minutes consisted of four 5-minute 
intervals while the remaining 40 minutes comprised another four 10-minute intervals. 
The 5-minute intervals were designed to capture the more dynamic changes at the 
beginning of the rainfall event. The soil panels were lifted by a crane, moved to the 
simulation room, positioned and tilted at 45° before turning on the nozzles of the 
simulator. During rainfall simulation, the amount of artificial rainfall was monitored 
by placing eight measuring cylinders around the grassed panel. The rainfall 
intensities averaged 36.71-43.01 mm h"1 and 77.20-79.10 mm h"1 for low- and 
high-intensity rainfalls, respectively. After simulation, the soil panels were returned 
to a new position in the greenhouse to minimize any biased growth arising from 
fixed positions. 
6.2.6 Leachate, surface runoff and runoff sediment 
Weighed plastic bags were used for the collection of leachate and surface runoff. 
Surface runoff was collected from the aluminum trough and leachate from the 17 
polyethylene tubings hooked to the bottom of the soil panel during each sampling 
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interval. The filled plastic bags were re-weighed to give the volume of leachate and 
surface runoff, which were then filtered through a Whatman No. 5 filter paper. The 
filtrate was stored at 4 土 1 0C for the analysis of heavy metals. There were 128 
samples each of the leachate and surface runoff per simulation. Altogether there were 
768 samples of leachate and runoff in this study. 
As the surface runoff contained only negligible amount of sediments, eight out 
of a total of 128 runoff samples in each simulation were sampled for the 
determination of runoff sediment. Both turbid and clear samples were selected, one 
each from the CL, CH, SL and SH treatments and the remaining four randomly, but 
representing each of the four treatments, from the remaining samples. By selecting 
the sub-samples in this manner, throughout the three simulation experiments, every 
treatment was represented by four repeated samples, and four other non-repeated 
samples. 
Depending on sample volume, 50-200 mL of the runoff was pipetted after 
thorough mixing and filtered through a Whatman No. 44 filter paper that had been 
oven-dried at 105°C and pre-weighed by use of an analytical balance. The filter 
paper together with the sediment was then oven-dried at 105°C and weighed. The 
sediment yield of a particular sample was obtained by multiplying the weight of 
solids by the runoff volume. 
6.2.7 Properties of decomposed granite and sludge 
The DG and sludge were sub-sampled for the determination, where appropriate, 
of texture, reaction pH, organic carbon, total Kjeldahl nitrogen (TKN), total P, K, Na, 
Ca, Mg, Cd, Cr, Cu, Ni, Pb and Zn in accordance with procedures described in 
Chapter 3. These tests were repeated here because the DG, though also collected 
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from a construction site in Kowloon, belonged to a separate batch from those used in 
Part 1 of the study. Although the sludge used in this study was similar to those used 
in the previous experiment, it had been stored for a much longer period of time. The 
amount used in the present experiment was also much greater in quantity than the 
PVC column experiment. Hence it was tested again for the aforesaid parameters. 
The DG used in the present experiment was slightly alkaline in reaction (pH 
7.75)，which is not unusual for semi-weathered substrate deep underground. When 
used as a growth substrate in landscape planting, the reaction pH will drop drastically 
as a result of plant uptake and leaching of the bases, as well as the use of ammoniacal 
fertilizers. While a decision was made at the start of the experiment to continue with 
lime amendment, the reaction pH of the substrate was determined after completion of 
the simulation experiments. Five soil cores, each measuring 20 mm in diameter, were 
taken from the centre and the four corners of each simulation panel. They were air 
dried, homogenized and determined for reaction pH by use of the glass electrode 
method described in Chapter 3. 
6.2.8 Heavy metals in leachate, surface runoff and runoff sediments 
The leachate and surface runoff samples were determined for total Cd, Cr, Cu, 
Ni and Pb by the Varian SpectrAA-640Z Graphite Furnace Atomic Absorption 
Spectrophotometer, while total Zn was determined by the Varian SpectrAA-200 
Flame Atomic Absorption Spectrophotometer. As the selected runoff samples 
contained only negligible amount of sediments, heavy metals contained therein were 
not determined due to the constraint of manpower. 
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6.2.9 Statistical analysis 
Independent-samples Mest was performed to test the difference in the properties 
between DG and sludge. Two-Way ANOVA was used to determine if there was 
significant interaction between the two factors, namely treatment and month or the 
time of grass growth, in affecting the cumulative heavy loss in leachate and runoff. 
Duncan's Multiple Range Test was employed to test the differences in cumulative 
leachate and surface runoff, and heavy metals contained therein separately at the 
treatment and time levels. Where statistical differences were not significant, trends of 
the group mean were also identified, and descriptive statistics were used instead. 
Similar problems are also found in studies by Snelder and Bryan (1995) and Singh et 
al. (2000). The authors simply described the identified trends using the mean values 
obtained. 
6.3 Results and discussion 
6.3.1 Properties of DG and sludge 
The DG used in this experiment was different from the first batch described in 
Chapter 3. It had a coarse texture, containing 71.03% sand, 15.28% silt and 13.69% 
clay and belonging to the textural class of sandy loam (Table 6.2). The properties 
were comparable to the previous batch except it had a higher percentage of sand, 
reaction pH, organic carbon, Ca and Na contents, but lower percentage of silt and K 
content. Overall, this DG was slightly alkaline in reaction pH (7.75), coarse-textured, 
deficient of organic carbon and contained low levels of P and cation nutrients. In 
particular, TKN was barely detected in the soil. The effect of alkaline pH on heavy 
metals was unlikely a concern because the substrate had turned acidic at the end of 
the study. 
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Table 6.2 Properties of DG and sludge (n = 5) 
Properties DG Sludge /-test Concentration limits for 
land application � 
Texture 
Sand (%) 71.03 士 2.55 NA NA NA 
Silt (%) 15.28 士 1.29 NA NA NA 
Clay (%) 13.69 士 2.49 NA NA NA 
Texture class sandy loam NA NA NA 
pH (water 1:2.5 w/v) 7.75 士 0.15 6.09 ±0.12 *** NA 
Organic carbon (%) 0.18 士 0.03 17.21 士 0.66 *** NA 
TKN (%) 0.00 士 0.00 3.73 士 0.10 *** NA 
Total P (g kg"1) 0.06 士 0.01 17.44 士 1.19 ** NA 
Total K(g kg"1) 1.31 士 0.22 3.64 ±0.25 *** NA 
Total Na(g kg-1) 0.24 士 0.04 7.15 士 0.43 *** NA 
Total Ca(gkg_1) 1.83 士 0.07 22.89 士 2.01 *** NA 
Total Mg(g kg-1) 0.16 士 0.00 3.39 士 0.28 *** NA 
Total Cd(mg kg"1) 0.28 士 0.11 1.46士0.10 *** 39 
Total Cr (mg kg-1) 4.77 士 1.16 82.27 士 5.47 *** 1200 
Total Cu (mg kg-1) 26.80 士 3.24 357.08 土 58.20 *** 1500 
Total Ni(mg kg-1) 11.66 士 1.43 163.25 ±21.13 *** 420 
Total Pb(mg kg 1 ) 21.86 士 9.60 1.58 士 0.39 ** 300 
Total Zn (mg kg"1) 99.84 士 14.84 453.33 士 62.79 *** 2800 
"(1)~Source: USEPA regulations 40 CFR 503 (as cited in Epstein, 2003). 
NA: Not applicable 
***/7<0.001;**p<0.01 
Slight differences were found for properties of the sludge compared to the 
previous experiment. The variations were, however, considered acceptable due to 
prolonged storage of the sludge, instrumental errors and other factors. Again, the 
sludge was superior to the DG in organic carbon, TKN, P and cation nutrient 
contents. More importantly, the concentrations of heavy metals were far below the 
limits set for the land application of sludge by the USEPA (Epstein, 2003). It is safe 
to surmise that the DG and sludge should complement each other in producing an 
ideal mix not detrimental to the growth of common Bermudagrass. 
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6.3.2 Leachate, surface runoff and runoff sediment production 
This section describes the production of leachate, runoff and runoff sediments 
during rainfall simulation, with special emphasis on their temporal variations and 
cumulative total under different rainfall intensities. 
Leachate production rate 
The pattern of leachate production was largely similar for all the three 
simulation experiments (Figures 6.3a-c). Leachate production rate seemed to increase 
with rainfall intensity in both the amended and control treatments. This clearly shows 
that more water could infiltrate per unit area per unit time under high-intensity 
rainfall than low-intensity rainfall. Under high-intensity rainfall, for instance, 
leachate production rate did not differ greatly between the amended and control 
panels in the 5th and 10th minute. However, it leveled off at the 15 minute in the 
sludge-amended panel but continued to fluctuate in the control panel until the 40th 
minute. Nonetheless, the leachate production rate was higher in the control panel 
than the amended panel at the end of the simulation. This clearly shows that sludge 
amendment is capable of moderating the physical properties of DQ notably its water 
transmission and water-retention capacities. Indeed, the sludge contained 17.21% 
organic carbon compared to 0.18% for DG (Table 6.2). In the absence of sludge 
amendment, the response of DG to rainfall event in terms of leachate production rate 
was less predictable. 
Under low-intensity rainfall, however, the sludge-amended treatment yielded a 
higher leachate production rate than the control treatment after the 10th minute. 
Thereafter, the magnitude of difference between the two treatments was consistent 
throughout the simulation (Figures 6.3a-c). This implies that sludge had improved 
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the infiltration capacity of DG resulting in better transmission and higher leachate 
production at rainfall intensity of 40 mm h-1. 
Another interesting phenomenon was the presence of a time lag in peak leachate 
production rate between the high- and low-intensity rainfalls. Under high-intensity 
rainfall, both amended and control treatments started to produce leachate at the 5th 
minute and the rate increased exponentially between the 5 th and 10th minute before 
leveling off at the 15th to 20th minute. Under low-intensity rainfall condition, however, 
leachate production started at the 10th minute, increased exponentially between the 
10th and 15th minute but slowed down until the 60th minute. There was a time-lag of 
about 5 minutes for both the commencement and exponential rise of leachate 
production between the two rainfall intensities. Furthermore, leachate production 
leveled off much earlier and more abruptly under high-intensity rainfall than 
low-intensity rainfall (Figures 6.3a-c). The time-lag implies that infiltration rate had 
exceeded water-storage capacity of the soil earlier at high-intensity rainfall than 
low-intensity rainfall regardless of sludge amendment. As infiltration water may push 
out the initially contained water (Miyazaki, 1993)，the leaching of nutrients and 
soluble fractions of heavy metal would occur earlier under high-intensity rainfall, too. 
Furthermore, an inverse relationship was found between rainfall intensity and the 
commencement time of leachate production. The intensity and duration of rainfall, 
therefore, will determine the occurrence of leachate and the concomitant losses of 
nutrients and heavy metals. For example, there will be no leaching of nutrients and 
heavy metals if the low-intensity rainfall (40 mm h-1) lasts for less than 10 minutes. 
For rainfall with lower intensity, longer duration is needed to initiate leaching loss. 
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Cumulative leachate refers to the total amount of leachate collected during the 
60-minute rainfall simulation. It varied considerably between treatments and rainfall 
intensities, averaging 8.47-19.40 L m~2 in November 2006，10.15-21.52 L m一2 in 
January 2007 and 12.74-24.16 L m"2 in March 2007 (Table 6.3). There was a gradual 
increase of cumulative leachate with time in all the treatments, possibly due to 
improvement in the physical properties of DG. Several factors could have contributed 
to this improvement. Besides sludge amendment, as in the SL and SH treatments, 
root growth and litter build-up were also contributory factors. The accumulation of 
organic matter in the soil would improve inter alia its infiltration and water 
transmission capacities, and subsequently the cumulative leachate production. 
Table 6.3 Cumulative leachate production (L m~ ) (mean 士 SD) in November 
2006, January and March 2007 (n = 4) 
Cumulative leachate production (L m~2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 8.47a ± 5.84 10.15a 士 4.76 12.74a 士 6.47 
CH 18.36a ± 14.22 21.52a 士 13.33 23.65a 士 17.68 
SL 11.45a ± 5.63 12.66a 士 5.78 14.80a 士 7.32 
SH 19.40a ± 12.48 20.06a 士 12.20 24.16a 士 15.21 
Column means sharing the same superscripts are not significantly different at /? < 0.05 by Duncan's 
Multiple Range Test. 
Cumulative leachate varied with rainfall intensity regardless of the treatments. 
In January 2007, for instance, cumulative leachate in the control panel averaged 
10.15 L m"2 under low-intensity rainfall compared to 21.52 L m"2 under 
high-intensity rainfall. The corresponding values for the sludge-amended panels were 
__2 一2 
12.66 L m" and 20.06 L m" (Table 6.3). The proportionate increase of cumulative 
leachate with rainfall intensity is comparable to those obtained by Holden and Burt 
(2002), and Wu and Fan (2005). 
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Despite the profound differences in cumulative leachate between the treatments, 
they were not significant statistically according to Duncan's Multiple Range Test. 
One possible explanation is the large standard deviations of the results, which is 
common for this kind of study. In the present experiment, each treatment was 
replicated 4 times only due to the constraints of manpower and limited growth space 
in the greenhouse. In similar studies, the number of replicates was mostly less than 4 
(e.g. Loch, 2000; Singh et aL, 2000; Atalay et al., 2007) and these authors seldom 
report the statistical analysis because large standard deviation is a norm. Of course, 
there were a few studies with 5-10 replicates (e.g. Farres and Muchena, 1996; Fox 
and Bryan, 1999). Despite this limitation, there is clearly a trend for cumulative 
leachate to increase with rainfall intensity. Similarly, the effect of sludge in 
enhancing leachate production was more conspicuous under low-intensity rainfall 
than high-intensity rainfall. When rainfall intensity had reached 80 mm h_1, the soil 
could have been saturated during the 1-hour simulation resulting in comparable 
cumulative leachate between the amended and control treatments. In March 2007, for 
instance, cumulative leachate amounted to 24.16 L m"2 in the sludge-amended panels 
compared to 23.65 L m~2 in the control panels (Table 6.3). 
The increase of cumulative leachate with rainfall intensity has profound effects 
on the environment. First, it intensifies exchange processes in the soil pores resulting 
in the leaching of nutrients and soluble metals. If sludge is applied onto slopes, there 
will be risks of eutrophication and metal contamination to water bodies. This 
environmental risk will be discussed in sections 6.3.3 and 6.3.4. Second, civil 
engineers are cautious about the potential threat of mass wasting arising from 
increased infiltration and cumulative leachate (GEO, 2001b). No wonder many steep 
slopes in Hong Kong are sprayed with concrete to cut off infiltration into the soil. 
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Runoff rate 
Runoff rate was higher under high-intensity rainfall than low-intensity rainfall 
in both treatments (Figures 6.4a-c). Under high-intensity rainfall, runoff rate of the 
sludge-amended panels was generally higher than the control panels especially for 
the first two simulations. The trend for low-intensity rainfall was slightly different, 
being higher in the control panels than the amended panels in November 2006 and 
March 2007. In January 2007, however, there seemed to be negligible differences 
between the two treatments. The overall pattern of runoff rate was, to a certain extent, 
opposite to the leachate rate. This is expected because rainfall not infiltrated into the 
soil and leaving the system as leachate shall constitute to surface runoff. This is best 
illustrated by the low-intensity rainfall of March 2007, in which leachate rate was 
higher in the sludge-amended panels than the control panels (Figure 6.3c) while the 
reverse was true for runoff rate (Figure 6.4c). 
Under high-intensity rainfall, runoff occurred at the 5 minute in both the 
amended and control panels and rose exponentially between the 5th and 15th minute. 
Unlike leachate rate, however, it continued to rise slowly thereafter until the end of 
the simulation in January 2007 and March 2007. Under low-intensity rainfall, runoff 
production rate in both treatments lagged behind that of the high-intensity rainfall. 
Runoff occurred at the 10th minute and rose quickly but to a lesser extent than under 
fK tVi 
high-intensity rainfall between the 10 and 20 minute. Thereafter, it leveled off in 
November 2006 and January 2007, but continued to rise gradually in March 2007 
(Figures 6.4a-c). The soil was probably saturated with water sooner, resulting in the 
sharp rise of runoff under high-intensity rainfall. In this connection, the release of 
heavy metals from runoff and the associated sediments would also occur sooner 
under high-intensity rainfall than low-intensity rainfall. 
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Figure 6.4 Runoff rate in the one-hour rainfall event in different months 
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Similar to leachate production, there was also an inverse relationship between 
the commencement time of runoff production and rainfall intensity. The higher the 
rainfall intensity, the sooner will be the initiation of runoff from the grassed panels. 
The implication on health and environmental risks of the heavy metals is expected to 
be similar to leachate production, and will be addressed in sections 6.3.3 and 6.3.4. 
Cumulative runoff 
The cumulative runoff varied substantially with rainfall intensity but to a lesser 
extent with treatment. In November 2006，for instance, cumulative runoff from the 
sludge-amended panels was nearly 6 times higher under high-intensity rainfall (20.60 
L m~ ) than under low-intensity rainfall (3.47 L m~ ). The difference between 
amendments, however, rarely exceeded a magnitude of two-fold (Table 6.4). Overall, 
cumulative runoff from the control panels ranged from a minimum of 3.47 L m~2 to a 
maximum of 21.58 L nT , regardless of rainfall intensity. The corresponding values 
for the sludge-amended panels were 3.47 L m~2and 21.89 L m~2. Unlike leachate 
production, there was no increase of cumulative runoff with simulations although the 
average values were lowest in January 2007. 
Table 6.4 Cumulative runoff production (L m"2) (mean 士 SD) in November 
• 2006, January and March 2007 (n = 4) 
Cumulative surface runoff production (L m"2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 5.77a 士 6.72 3.47a 士 4.49 7.43a 士 7.92 
CH 18.55a± 13.50 16.52a 士 15.47 21.58a 士 17.16 
SL 3.47a 士 3.99 3.91a ± 5.39 5.65 a 士 7.33 
SH 20.60a 士 13.23 19.60a 士 11.96 21.893 士 12.85 
Column means sharing the same superscripts are not significantly different at p < 0.05 by Duncan's 
Multiple Range Test. 
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Again, no significant differences in cumulative runoff were found between the 
treatments according to Duncan's Multiple Range Test. Yet the increase of 
cumulative runoff with rainfall intensity is unequivocal although the differences 
between treatments seemed to have narrowed down with time. Under high-intensity 
rainfall, for instance, the sludge-amended panels yielded a cumulative runoff of 
20.60 L m""2 compared to 18.55 L m"2 for the control in November 2006 (Table 6.4). 
The corresponding values had narrowed down to 21.89 L m"2 and 21.58 L m~2 in 
March 2007. One possible explanation is the reduced grass growth in March 2007 
compared to peak growth in November 2006 (see Chapter 3). Fortunately, when the 
common Bermudagrass goes dormant in winter, it is also the dry season in Hong 
Kong hence elevated runoff is not a concern. 
Despite the lack of significant difference as a result of the small sample size and 
large standard deviations, cumulative runoff seemed to decrease in the order of SH 
(19.60-21.89 L m"2), CH (16.52-21.58 L m - 2)，CL (3.47-7.43 L m"2) and SL 
(3.47-5.65 L m-2). While cumulative runoff increased with rainfall intensity, sludge 
amendment improved infiltration capacity that is defined by the equation 1 = P ^ SR, 
where I, P and SR are infiltration, precipitation and surface runoff, respectively 
(Miyazaki, 1993). Surface runoff normally decreases with increased infiltration. 
Under high-intensity rainfall, however, cumulative runoff was slightly greater in the 
sludge-amended treatment than the control. The finding agrees reasonably well with 
the fact that sludge amendment was less able to enhance infiltration capacity under 
high-intensity rainfall than under low-intensity rainfall (see Table 6.3). A rainfall 
intensity of 80 mm h"1 is high enough to exceed the infiltration capacity of DG at the 
early stage, resulting in more Hortonian overland flow. Because of this, the capacity 
for sludge to reduce runoff was undermined. 
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Runoff sediment yield 
Among the runoff sub-sampled for sediment yield analysis, the majority of them 
contained less than 0.50 e m—2 sediment. The only exception was associated with 
50-60th minute interval of treatment SH2 in January 2007, which had a maximum 
sediment yield of 0.99 g m一 (Table 6.5). Based on this finding and the low turbidity 
of the samples, soil loss from surface runoff was considered negligible in this study. 
Table 6.5 Sediment yield (g m~2) of selected runoff samples in November 2006, 
January and March 2007 
November 2006 January 2007 March 2007 
Treatment Sediment yield Treatment Sediment yield Treatment Sediment yield 
/interval C min) (g m_2) /interval min) (g rrT2) /interval min) (g m"2) 
CL3(1) /40-50(2) 0.06 CL3 /40-50 0.23 CL3 /40-50 0.13 
CH4 /20-30 ND CH4 /20-30 0.38 CH4 /20-30 ND 
SL2 /50-60 ND SL2 /50-60 0.08 SL2 /50-60 0.01 
SH2 /50-60 0.35 SH2 /50-60 0.99 SH2 /50-60 ND 
CL3 /10-15 0.12 CL2 /40-50 0.12 CL4 /40-50 0.06 
CH4 /50-60 ND CHI /15-20 0.21 CH2 /50-60 ND 
SL3 /15-20 0.01 SL3 /30-40 0.41 SL4 /50-60 ND 
SH3 /50-60 0.34 SH4 /5-10 0.28 SH3 /5-10 0.06 
Sediment yield Sediment yield Sediment yield 
(gm~2) (%) (gm-2) (%) (gm-2) (%) 
<0.50 100 <0.50 87.5 <0.50 100 
0.50-1.00 0 0.50-1.00 12.5 0.50-1.00 0 
> 1.00 0 > 1.00 0 > 1.00 0 
(1) The number following the treatment indicates one of the four replicates. 
(2) Treatments in bold were commonly selected in the three measurements. 
ND: Not detected 
In fact, dehydrated sludge has been found to reduce sediment loss by 61% in 
loam soil and 52% in sandy soil as a result of improved vegetation growth (Ojeda et 
al； 2003). In the present study, however, sediment loss was negligible in both the 
sludge-amended and control panels. While sludge amendment was not a major cause 
151 
of the near-zero sediment yield, the dense cover of Bermudagrass was probably 
effective in reducing particle detachment and transport on the experimental panels. 
Although this conjecture cannot be verified in the absence of a treatment without 
grass, vegetation cover exceeding 55% can reduce soil loss significantly by 94% at 
1-2° slope gradient under a rainfall intensity of 33 mm h一1 (Snelder and Bryan, 1995). 
In contrast, vegetation cover below 25% results in soil loss greater than 80 g m~ and 
140 g m~ under the 30- and 60-minute storms. When the maximum 10-minute 
sediment yield of 0.99 g 
m-2 
(treatment SH2) is extrapolated to 1 hour, the total yield 
-a 
is merely 5.93 g m~ under a rainfall intensity of 80 mm h~，which is much smaller 
than the value of 140 g m~2 obtained by Snelder and Bryan (1995). Furthermore, the 
slope gradient in the present study is also higher. 
Grass cover reduces raindrop impact and splash entrainment, thereby protecting 
the soil particles from being detached and transported. In addition, crust or surface 
seal formation is not favored under vegetation cover, thereby enhancing infiltration 
capacity and reducing runoff velocity (Box and Bruce, 1996). Sediment yield is 
greatly lowered following the decrease in erosivity of the raindrops and erodibility of 
the vegetated slopes. 
Despite the overriding importance of grass cover in soil erosion control, the role 
of sludge in enhancing aboveground biomass and protecting the slope indirectly 
should not be underestimated (see Chapter 3). The greater the aboveground biomass, 
the higher will be the shoot and root densities of the Bermudagrass. Improved growth 
of the grass will undoubtedly help stabilize the slope and protect it against erosion. 
This positive effect is expected to last for at least one year as far as the sustainability 
of sludge is concerned (see Chapter 3). Positive feedback from organic matter 
accumulation and turnover as a result of good grass growth can perhaps prolong the 
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effect for several years. Under the present experimental design, the effect of sludge 
in reducing soil loss is indirectly reflected by a higher aboveground biomass in the 
amended panels than the control panels. In addition, nutrients leached from the 
coarse-textured DG under high-intensity rainfall can partly be replenished by the 
sludge. Why then is there no significant difference in sediment yield between the 
amended and control panels? One explanation is that all the panels had received the 
same amount of chemical fertilizers. 
6.3.3 Heavy metal concentrations in leachate, surface runoff and runoff 
sediments 
Rainwater removes nutrients and heavy metals from the soil through leachate, 
surface runoff and sediment loss. This section describes the concentrations of heavy 
metals from the leachate and surface runoff. The results are compared with (i) 
guideline values for chemicals that are of health significance in drinking-water 
announced by the World Health Organization (WHO) (referred to hereafter as 
"drinking standard") (WHO, 2006); and (ii) water quality standards for the adoption 
of soil treatment methods for the irrigation of vegetation and the suppression of dust 
announced by the Environmental Protection Administration (EPA) of Taiwan 
(referred to hereafter as "irrigation standard") (EPA, 2004). As sediment yield was 
negligible from all the grassed panels, the heavy metals contained in it are excluded 
in the following analysis. 
6.3.3.1 Heavy metal concentrations in leachate 
Variable concentrations of heavy metals were detected in the leachate of the 
experimental panels, ranging from a minimum of 0 \ig L"1 for the six heavy metals to 
a maximum of 2.65 mg L-1 for Zn. They tended to fluctuate with treatment, rainfall 
intensity, sampling intervals and simulation time. Overall, the concentrations 
decreased in the order of Zn > Ni > Cu > Cd > Cr > Pb (Figures 6.5-6.10). 
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In general, higher concentrations of heavy metals were found in the 
sludge-amended panels than control panels. This is expected because sludge 
contained variable amount of heavy metals; hence environmental risk is a concern in 
the land application of sludge. The only exceptions were Cu and Zn, which were 
occasionally higher in the control panels than the sludge-amended panels during 
some of the sampling intervals (Figures 6.7c & 6.10c). Nevertheless, their 
concentrations in the leachate declined to levels lower than the sludged counterparts 
towards the end of the simulation experiments. In this regard, the cumulative release 
of these two metals from the unamended DG was still lower than the amended DG. 
The heavy metals seemed to respond differently to rainfall intensity. No 
consistent pattern was found for Cd, Cr, Cu and Zn, the concentrations of which 
fluctuated with sampling intervals during simulation under the two rainfall intensities. 
The concentrations of Pb were low throughout the study so that there was no 
identifiable pattern against rainfall intensity (Figure 6.9). On the other hand, the 
concentrations of Ni were consistently higher under low-intensity rainfall than 
high-intensity rainfall (Figure 6.8), possibly due to dilution effect of the metal by 
rainwater. 
Two temporal dimensions are identified in the release of heavy metals from the 
leachate, namely sampling intervals within the 1-hour simulation experiment and the 
simulations carried out at bimonthly intervals. In this regard, all the six metals 
behaved similarly during the sampling intervals. There was usually an exponential 
rise in the concentrations of the metals, 10 to 20 minutes into the simulation 
experiment depending on metals，followed by a gradual decline towards the end. This 
is expected because the sampling intervals had been increased from 5 minutes at the 
beginning (0-20 minutes) to 10 minutes thereafter, resulting in less metals being 
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exchanged out and the greater dilution effect of percolating water. In the study of 
heavy metal transport from dredged sediment under simulated rainfalls, Singh et al. 
(2000) attribute the decreasing trend of concentration to early flush of readily soluble 
metal pool that has been liberated during oxidation of the sediment. 
A few metals also witnessed an increase in concentration with the simulation 
experiments, including Cd, Cu and Zn. Among these metals, leachate Cd from the 
sludge-amended panels had increased from 0.88-4.51 jig L"1 in November 2006 to 
2.62-13.81 L"1 in March 2007 (Figures 6.5a-c). Although Cd is highly soluble and 
mobile under a wide range of soil pH (Salomons, 1993; Richards, et al., 2000; 
Kabata-Pendias, 2001), its concentration in soil drops quickly at soil pH exceeding 
5.5 (Basta and Sloan, 1999). Although reaction pH of the sludge-amended and 
unamended DG had not been measured at the beginning of this experiment, it must 
have been reduced due to the uptake and leaching of bases, addition of ammoniacal 
fertilizer and secretion of root exudates. To make up for this drawback, pH of the 
grassed panels was determined at the end of simulation study in March 2007. The 
sludge-amended panels had an average pH of 5.31-5.34 compared to 6.25-6.38 for 
the control panels (Table 6.6). It is fairly safe to surmise that pH of the 
sludge-amended panels had gone down substantially, resulting in a greater release of 
Cd in the leachate with time. 
Table 6.6 Reaction pH (mean 士 SD) at the end of the third rainfall experiment 
( 乃 = 4 ) 
Treatment Reaction pH 
CL 6.25 士 0.24 
CH 6.38 士 0.30 
SL 5.34 士 0.13 
SH 5.31 士 0.17 
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As for the other metals, while Pb remained unchanged throughout the study, 
leachate Cr and to some extent Ni seemed to decrease with time of the simulation. 
One of the factors governing the release of heavy metals from the soil is reaction pH, 
which alters metal solubility by adsorption to colloids (Bolan et al., 2003b) and 
formation of precipitates (Epstein, 2003) as detailed in section 2.5.5.1. In addition to 
the increase in Cd as explained in the previous paragraph, the pH values obtained at 
the end of the experiment (Table 6.6) may somewhat explain the increase in Cu and 
Zn concentration in sludge-amended treatments, whose pH fell within the range of 
5.0-5.5 for the occurrence of Cu, Ni and Zn mobilization (Blake and Goulding, 2002), 
but the explanation is not applicable to Ni. Since the soil tends to acidify with time, 
pH is not expected to fall below 4.5 for Pb mobilization to happen (Blake and 
Goulding, 2002). So, Pb concentration was less likely altered. In comparison, Cr 
becomes more mobile at pH > 4.5 (Sampanpanish, 2006)，which might somewhat 
explain the decreasing trend of Cr concentration. 
The metal concentrations in the leachate can meet the irrigation and drinking 
water standards set by the Taiwan EPA and WHO, respectively, for most of the times. 
Copper from the leachate collected at the 10 minute from the amended panels under 
low-intensity rainfall of March 2007 had exceeded the irrigation water standard by 
22% (Figure 6.7c). Likewise, leachate Cd from sludge-amended panels between the 
tfi tVi 
10 and 20 minute had exceeded the irrigation and drinking water standards by 
0.03-3.60 times, regardless of rainfall intensity (Figures 6.5 a-c). Where 
concentrations had exceeded the respective standards, they occurred infrequently 
during certain sampling intervals and further dilution by rainwater is contemplated. 
Thus, the environmental risks arising from the release of metals from the leachate are 
expected to be small. 
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6.3.3.2 Heavy metal concentrations in runoff 
The overall concentrations of heavy metals in runoff were lower than in leachate; 
they decreased in the order of Zn > Cu > Ni > Cr > Cd > Pb (Figures 6.11-6.16)， 
which was largely comparable to their order in leachate. And, with few exceptions, 
the concentrations were higher in the sludge-amended panels than the control panels. 
Owing to the lower concentrations in runoff, the effect of rainfall intensity was less 
conspicuous than leachate. Among the six metals, the concentrations of Cd, Cu, Ni, 
Zn and to some extent Cr appeared to be marginally higher under low-intensity 
rainfall than high-intensity rainfall, possibly due to less dilution by rainwater. There 
was a tendency for the concentrations of Cd and Zn to increase with the simulation 
experiments, a trend similar to the same metals in leachate. On the contrary, Cr, Cu 
and Pb decreased while Ni remained unchanged towards the latter simulation 
experiments (Figures 6.11-6.16). 
Regarding the temporal change of concentrations during a particular rainfall 
event, all the 6 metals rose exponentially from 5th to 20th minute into the simulation 
experiment before declining gradually thereafter. While this trend agreed reasonably 
well with that of the leachate, peak concentrations for some of the metals, such as Cr, 
Cu, Ni and Pb, seemed to have occurred earlier by 5 minutes (i.e. at the 5th minute) 
(Figures 6.12-6.15). Likewise, peak concentration of heavy metals in runoff under 
high-intensity rainfall occurred either 5 minutes earlier than or at the same time as 
low-intensity rainfall. This might be due to the earlier occurrence of the first-flush 
phenomenon noted by Singh et al (2000) as well as the greater erosivity of the 
high-intensity rainfall. 
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Figure 6.16 Zn concentration in the runoff in different months 
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With the exception of Ni, the concentrations of heavy metals in the runoff 
comply with the irrigation and drinking water standards set by the Taiwan EPA and 
WHO. Although Ni concentration had exceeded the drinking water standard by 
1-34% between the 5th and 15th minute, the impact might be more critical at the early 
stage of a rainfall event (Figures 6.14 b&c). As rainfall continues, the metal 
concentrations either level off or decline to acceptable levels without serious 
environmental threat. The runoff is，therefore, more environmentally friendly than 
the leachate in terms of the concentrations of heavy metals. 
6.3.4 Cumulative loss of heavy metals 
Metal concentrations are only used to evaluate short-term effects; total heavy 
metal load is likely more relevant concerning long-term biological consequences 
(Singh, et aL，2000). Total heavy metal loads were calculated by multiplying metal 
concentrations in the leachate or runoff water with the respective volumes. 
6.3.4.1 Cumulative loss of heavy metals from leachate 
In this section, the cumulative loss of the six heavy metals from leachate is 
examined, with special emphasis on the effect of treatment and rainfall intensity. 
Similar to the previous sections, descriptive statistics is employed for this purpose 
where necessary owing to large standard deviations of the data. The result of each 
heavy metal will be reported first, followed by an integrated discussion on factors 
accounting for the release of heavy metals from the soil. 
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Cadmium 
The cumulative loss of Cd in leachate ranged 1.30-54.29 jag m~2in November 
2006，4.72-72.08 卩g m—2 in January 2007 and 17.40-90.64 昭 m'2 in March 2007 
(Table 6.7). The interaction of treatment and month by Two-Way ANOVA was 
significant, F(6, 36) = 3.38，p < 0.01. At the treatment level, Cd loss was 
significantly higher in the sludge-amended panels than the control panels. While 
there was no significant difference in the control between low-intensity rainfall and 
high-intensity rainfall, cumulative Cd loss from leachate was significantly higher for 
most of the time when the panels were simulated under a rainfall intensity of 80 
mm h_1. Cadmium loss also varied temporally with simulation as did the leachate, 
albeit significant only under low-intensity rainfall. For instance, the loss of Cd from 
the sludge-amended panels under low-intensity rainfall increased in the order of 
30.73 i^g m"2 (November 2006), 50.05 ng m"2 (January 2007) and 90.64 fig m"2 
(March 2007). Thus, cumulative Cd loss was enhanced by sludge-amendment, time 
of grass growth and rainfall intensity. 
Table 6.7 Cumulative Cd loss from leachate (卩g m"2) (mean 士 SD) in November 
2006, January and March 2007 (n = 4) 
Cumulative Cd loss from leachate (^g m"2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 1.30al 士 1.37 6.75al 士 3.56 21.23a2 士 14.49 
CH 3.73al 士 3.43 4.72al 士 2.48 17.40al 士 19.28 
SL 30.73bl 士 6.44 50.05bl 士 9.97 90.64c2 士 20.79 
SH 54.29cl ± 28.01 72.08cl ± 23.57 61.43bl ± 6.13 
Column means sharing the same superscripts are not significantly different a tp < 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different at p < 0.05 by Duncan's 
Multiple Range Test. 
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Chromium 
The cumulative loss of Cr in leachate ranged 5.95-46.93 \ig m~2 (November 
2006), 9.17-30.96 i^g m"2 (January 2007) and 23.25-61.61 |xg m"2 (March 2007) 
(Table 6.8). The interaction of treatment and month according to Two-Way ANOVA 
was insignificant, F(6,36) = 0.49, p = 0.814, although a few patterns were still 
discernible. First, there seemed to be greater Cr loss from the sludge-amended panels 
than control panels although the difference seemed to narrow down with time. For 
instance, Cr loss from the control panels under low-intensity rainfall had increased 
from 5.95 |ig m~2 (November 2006) to 9.17 jag m~2 (January 2007) and 23.25 i^g m~2 
(March 2007). The corresponding values for the sludge-amended panels were 10.18, 
21.49 and 23.91 |xg m~ . In this connection, there appeared a trend for Cr loss from 
the leachate to increase with growth of the grass. Second, cumulative Cr loss also 
increased with rainfall intensity regardless of treatment. Overall, Cr loss in leachate 
was enhanced by sludge amendment, rainfall intensity and growth of the grass albeit 
the differences were not significant statistically. 
Table 6.8 Cumulative Cr loss from leachate (jxg m~ ) (mean 士 SD) in November 
2006, January and March 2007 (n = 4) 
Cumulative Cr loss from leachate Oig m~2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 5.95al 土 4.21 9.17al 士 4.18 23.25a2 士 11.65 
CH 8.36al 士 4.76 24.02bl 士 13.09 48.56al 士 41.11 
SL 10.18al 士 4.45 21.49bl 士 6.33 23.91al 士 10.80 
SH 46.93al ± 65.95 30.96bl 士 4.07 61.61al ± 41.90 
Column means sharing the same superscripts are not significantly different at p < 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different dX p < 0.05 by Duncan's 
Multiple Range Test. 
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Copper 
Among the six heavy metals investigated, the cumulative loss of Cu was 
relatively high, averaging 299.71-739.67 jig m—2 (November 2006), 305.24-858.38 
飓 m"2 (January 2007) and 564.29-1557.17 \ig m"2 (March 2007) (Table 6.9). The 
interaction of treatment and month on Cu loss according to Two-Way ANOVA was 
insignificant, F(6.36) = 1.43, p 二 0.229. Notwithstanding this, several trends of Cu 
loss were also identified from the results. Like most metals, Cu loss from the 
sludge-amended panels was 1.3-1.8 times higher than the control panels under 
low-intensity rainfall compared to 0.9-1.5 times under high-intensity rainfall. 
Therefore, cumulative Cu loss in leachate tended to increase with sludge amendment 
and grass growth but less with rainfall intensity. 
Table 6.9 Cumulative Cu loss from leachate (fig m~ ) (mean 士 SD) in November 
2006，January and March 2007 (n = 4) 
Cumulative Cu loss from leachate (^g m"2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 327.91al 士 298.50 305.24al 士 144.91 565.95al 士 303.15 
CH 299.7la 1 士 257.75 489.08ab 1 ± 322.77 564.29al± 397.99 
SL 739.67al ± 217.87 766.44bcl± 245.00 1557.17b2± 496.90 
SH 735.0331 ±314.12 858.38cl± 148.52 1063.46abl 士 116.83 
Column means sharing the same superscripts are not significantly different at p < 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different at p < 0.05 by Duncan's 
Multiple Range Test. 
Nickel 
The cumulative loss of Cu was rivaled by Ni in absolute quantity, which ranged 
from 66.86-1240.60 (November 2006) to 87.15-1767.95 [ig m"2 (January 2007) and 
151.13-1602.63 昭 m"2 (March 2007) (Table 6.10). Again, the interaction of 
treatment and month on Ni loss according to the Two-way ANOVA was insignificant, 
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F(6，36) = 1.18, p = 0.339. Despite this, loss of the metal seemed to increase with 
sludge-amendment throughout the study. In November 2006, for instance, 
cumulative Ni loss averaged 66.86-159.62 jig m~2 in the control panels compared to 
940.64-1240.60 ^g m~2 in the sludge-amended panels. Nickel loss tended to increase 
with rainfall intensity, being more conspicuous in the amended treatment than the 
control treatment. Furthermore, there was a consistent increase in Ni loss with grass 
growth, except the control panels subjected to simulation by high-intensity rainfall. 
Table 6.10 Cumulative Ni loss from leachate (ng m~ ) (mean 士 SD) in November 
2006，January and March 2007 (n = 4) 
Cumulative Ni loss from leachate (fig m~2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 66.86al 士 55.60 101.34al 士 57.69 196.31al 士 106.28 
CH 159.62al ± 197.00 87.15al ± 40.52 151.13al ± 94.49 
SL 940.64bl ± 223.29 1489.42b2 ± 284.93 1558.46b2 ± 422.41 
SH 1240.60bl ± 640.28 1767.95bl ± 602.48 1602.63bl ± 420.74 
Column means sharing the same superscripts are not significantly different atp< 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Lead 
The cumulative loss of Pb in leachate ranged 1.55-27.23 jxg m~2 (November 
2006)，1.66-5.28 卩g m"2 (January 2007) and 2.89-13.96 i^g m"2 (March 2007) (Table 
6.11). It is thus clearly shown that the highest loss coincided with simulation in 
November 2006 and the lowest with simulation in January 2007. Furthermore, the 
interaction of treatment and month on Pb loss according to Two-Way ANOVA was 
significant, F(6,36) = 6.06, p <0.001. In the simulation of November 2006, Pb loss 
decreased significantly in the order of SH (27.23 i^g m"2) > SL (10.31 jig m~2) > CH 
一 2 _ 2 
(1.67 jig m~ )，CL (1.55 jig m~ )• In the absence of sludge amendment, Pb loss from 
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the control panels increased consistently with time, regardless of rainfall intensity. 
For instance, the loss of Pb under high-intensity rainfall had increased from 1.67 
pg m-2 in November 2006 to 1.90 i^g m~2 in January 2007 and 2.89 m~2 in March 
2007，albeit statistically insignificant. On the other hand, a bimodal pattern of Pb loss 
was found in the sludge-amended panels, being higher in November 2006 and March 
2007 than in January 2007. Notwithstanding this, the difference was only significant 
in the SH treatment but not the SL treatment. In general, cumulative Pb loss in 
leachate was enhanced by sludge amendment, rainfall intensity and the time of 
simulation. 
Table 6.11 Cumulative Pb loss from leachate (卩g m~2) (mean 士 SD) in November 
2006, January and March 2007 (n = 4) 
Cumulative Pb loss from leachate (fig m"2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 1.55al ± 1.20 1.66al 士 0.91 7.13al 士 8.57 
CH 1.67al ± 1.04 1.90al ± 2.31 2.89al 士 2.32 
SL 10.31bl 士 3.38 3.89al 士 3.46 8.39al 士 6.55 
SH 27.23c2 士 7.79 5.28al 士 2.43 13.96al ± 4.71 
Column means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Zinc 
The cumulative loss of Zn in leachate averaged 0.02-3.29 mg m~2 (November 
2006)，0.70-10.49 mg m"2 (January 2007) and 1.26-8.12 mg m"2 (March 2007) (Table 
6.12). There was significant difference in the interaction of treatment and time of 
grass growth according to the Two-Way ANOVA, F(6, 36)^ 3.21, p <0.05. Overall, 
cumulative loss of Zn from the sludge-amended panels under low-intensity rainfall 
was 1.2-6.1 times higher than the control but the magnitude of difference was 
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enlarged to 5.2-163.5 times under high-intensity rainfall. In the absence of sludge, 
low-intensity rainfall resulted in greater Zn loss from the leachate while the reverse 
was generally true under sludge amendment. Furthermore, Zn loss seemed to 
increase with the time of grass growth (Table 6.12). 
Table 6.12 Cumulative Zn loss from leachate (mg m~2) (mean 士 SD) in 
November 2006, January and March 2007 (n = 4) 
Cumulative Zn loss from leachate (mg m"2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 0.27a 1 士 0.33 0.97a 1 士 0.50 3.74al 士 3.76 
CH 0.02al ± 0.04 0.70a 12 士 0.42 1.26a2 士 0.76 
SL 1.59abl ± 0.21 6.89b2 士 1.65 8.12b2 土 2.50 
SH 3.29bl ± 2.31 10.49b2 士 4.52 7.81b 12 士 1.55 
Column means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
General pattern of heavy metals loss from leachate 
In the present experiment, Cd, Cr, Cu, Ni, Pb and Zn were detected from the 
leachate of sludge-amended panels and control panels, at a depth of 0.1 m compared 
to 0.8 m of the same metals (Luczkiewicz, 2006). The factors governing the loss of 
heavy metals include sludge amendment, rainfall intensity and time of grass growth. 
Sludge amendment increased Cd, Cr, Cu, Ni, Pb and Zn loss in leachate, the 
amount of which had exceeded the control to different extent. This is expected as 
sludge contains significantly greater amount of these metals, except Pb, than the DG 
(see Table 6.2). Although DG contains significantly more Pb than sludge, a greater 
amount of the metal was detected in the leachate of the sludge-amended panels than 
the control panels. The finding seems to suggest that Pb in sludge is more soluble 
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and easily exchanged out than in DG. This is possible because Pb is likely bound by 
organic matter (Stevenson, 1994; Alloway 1995; Lyberatos, 2004) from sludge, 
which may dissolve in water and leach through the soil. Indeed, increased leaching of 
metals was probably associated with higher content of dissolved organic matter in 
the leachate (McBride et al., 1999) and soils with coarse textures or preferential 
flows (Keller et al., 2002). For instance, Pb leaching was shown to increase owing to 
the complexation between Pb and water-soluble organic matter (Schwab et al., 2007), 
although the amendment is aged cattle manure. 
The effect of rainfall intensity on the loss of heavy metals in leachate varies 
with metals. In general, the loss of Cd, Cr, Ni, Pb and Zn from sludge-amended 
panels tended to increase with rainfall intensity but not Cu. Indeed, DG has good 
drainage properties. A high-intensity rainfall results in greater infiltration of the 
rainwater and hence the washing out of these heavy metals. In addition to this, the 
relative easiness of leaching also depends on speciation of the metal. Soluble and 
exchangeable fractions are mobile (Wong et al.，2002; Jalali and Khanlari, 2006) and 
are more easily controlled by the leachate production rate, while the immobile 
fractions, in particular the residual fraction, are less likely to be leached out. So, 
heavy metal leaching increased with the amount of mobile fractions in the soil 
especially under high-intensity rainfall. This explains the need for lime addition to 
suppress the mobility of heavy metals. 
The loss of Cd, Cr, Cu, Ni, Pb and Zn in leachate increased with the time of 
grass growth. This implies that the heavy metals in both DG and sludge are released 
to the leachate gradually. Leaching also removes soluble bases from the topsoil， 
leading to soil acidification, solubilization of heavy metals and their washing out by 
subsequent rainfall. As there is a fixed amount of heavy metals in the sludge, the time 
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needed to completely remove them warrants our special attention. If it drops or levels 
off with time, proper management of the leachate within the first six months is 
necessary to protect the environment. This shall include trekking, collection and 
treatment of the effluent laden with heavy metals. If concentrations of the heavy 
metals continue to increase with time and exceed the acceptable limits, then extra 
lime or permanent treatment of the effluent is required. 
6.3.4.2 Cumulative loss of heavy metals from runoff 
Unlike the cumulative loss of heavy metals from leachate, the interaction of 
treatment and month on runoff metal loss was not significant according to the 
Two-Way ANOVA. Notwithstanding this, Duncan's Multiple Range Test will be 
performed to test the individual effect of treatment and month. Descriptive statistics 
will also be employed to examine the results in this section, including the 
identification of possible trends in metal loss. 
Cadmium 
The cumulative loss of Cd in runoff ranged from 0.59-6.34 |xg m~2 (November 
2006) to 1.84-16.81 昭 m"2 (January 2007) and 15.61-19.36 昭 m"2 (March 2007) 
(Table 6.13). Although to the Two-Way ANOVA, no significant interaction between 
treatments and time of grass growth was noted. Despite this, there is a distinct trend 
for the loss to increase with sludge amendment, rainfall intensity and time of 
simulation. For instance, cumulative loss under low-intensity rainfall increased in the 
order of 2.90 ^g m"2 in November 2006 to 10.93 \ig m—2 in January 2007 and 18.33 
\ig m~ in March 2007. Likewise, Cd loss had increased from 10.93 fig m一 under 
low-intensity rainfall to 16.81 卩g m~ under high-intensity rainfall in January 2007. 
The magnitude of difference between rainfall intensity, however, had narrowed down 
with time regardless of sludge amendment. 
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Table 6.13 Cumulative Cd loss from runoff (^ ig m~2) (mean 士 SD) in November 
2006, January and March 2007 {n = 4) 
Cumulative Cd loss from surface runoff (^g m"2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 0.5981 土 0.58 1.84al 士 3.13 15.67al 士 21.26 
CH 2.33a 1 士 1.95 5.83a 1 士 9.56 15.61al 士 25.37 
SL 2.90al 士 5.23 10.93al 士 20.58 18.33al 士 29.38 
SH 6.34a 1 士 7.09 16.81al 士 13.04 19.36al 士 14.87 
Column means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Chromium 
The cumulative loss of Cr in runoff ranged from 2.00-10.49 \ig m~2 (November 
2006) to 2.92-28.82 卩g m"2 (January 2007) and 10.51-39.97 i^g m—2 (March 2007) 
(Table 6.14). Again, the interaction of treatment and month of simulation was 
insignificant, F(3,36) - 0.71, p = 0.641. Notwithstanding this, the loss seemed to 
increase with rainfall intensity, regardless of treatment. In the unamended panels, for 
instance, Cr loss had increased from 13.33 ug m"2 under low-intensity rainfall to 
38.43 \ig m~ under high-intensity rainfall in March 2007. The corresponding values 
for the sludge-amended panels were 10.51 and 39.97 |xg 
m"2. There was also a 
consistent increase of Cr loss with the time of grass growth, regardless of treatment. 
In the sludge-amendci panels, for instance, Cr loss increased in the order of 10.49 
jig m"2 (November 2006) to 28.82 卩g m~2 (January 2007) and 39.97 卩g m"2 (March 
2007). Chromium loss in runoff was, therefore, mainly enhanced by rainfall intensity 
and time of grass growth and partly by sludge amendment. 
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Table 6.14 Cumulative Cr loss from runoff (|ig m ) (mean 士 SD) in November 
2006，January and March 2007 [n = 4) 
Cumulative Cr loss from surface runoff (jig m"2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 2.00al 士 1.03 2.92al; i 2.58 13.33al ± 14.45 
CH 7.67bl ± 3.66 12.51al 士 9.21 38.43al 士 40.88 
SL 2.70al 士 0.78 3.7381 ± 4.15 10.51al 士 14.43 
SH 10.49bl 士 4.89 28.82bl 士 17.89 39.97al 士 24.70 
Column means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Copper 
The cumulative loss of Cu in runoff ranged from 125.53-400.35 |xg m~ in 
November 2006 to 173.19-600.47 pg m"2 in January 2007 and 292.28-533.77 昭 m"2 
in March 2007 (Table 6.15). There were no statistical differences with treatment and 
time of grass growth according to the Two-Way ANOVA. While sludge amendment 
increased Cu loss from the soil mix, the pattern was complicated by rainfall intensity. 
For instance, a higher loss of Cu was recorded from the control panels under 
high-intensity rainfall (332.62 
m-2) 
than from the sludge-amended panels under 
low-intensity rainfall (125.53 m ) in November 2006. Furthermore, Cu loss 
seemed to increase with growth of the grass regardless of treatment. Copper loss in 
runoff was, therefore, mainly enhanced by rainfall intensity and partly by sludge 
amendment. 
180 
Table 6.15 Cumulative Cu loss from runoff (^g m一 ) (mean 士 SD) in November 
2006, January and March 2007 (n = 4) 
Cumulative Cu loss from surface runoff (昭 m~2) Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 189.33al ± 246.31 173.19al ± 235.47 349.09al ± 409.17 
CH 332.628® * 264.63 313.61al ± 257.98 507.49al ± 439.00 
SL 125.53al ± 145.23 199.35al ± 307.24 292.28al ± 405.46 
SH 400.35al ± 269.56 600.47al ± 374.33 533.77al 士 319.64 
Column means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Nickel 
Pronounced fluctuations were found for the cumulative loss of Ni between 
treatment and the time of grass growth. Cumulative loss ranged from 50.10-344.87 
^g m-2 in November 2006 to 52.25-661.75 |xg m-2 in January 2007 and 
122.52-539.94 |o,g m~2 in March 2007 (Table 6.16). Again, there were no significant 
differences in cumulative loss of the metal between treatment and rainfall intensity 
according to the Two-Way ANOVA. Notwithstanding this, Ni loss seemed to increase 
with growth of the grass and treatment. Sludge amendment resulted in higher loss 
than the control in both rainfall intensities. In the sludge-amended panels, Ni loss 
was 0.63-1.68 times higher under high-intensity rainfall than low-intensity rainfall. 
The magnitude of difference in the control panels was less, amounting to 13.6-53.1% 
only. Cumulative Ni loss from runoff was, therefore, enhanced by sludge, rainfall 
intensity and grass growth. 
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Table 6.16 Cumulative Ni loss from runoff (卩g m~2) (mean 士 SD) in November 
2006，January and March 2007 (n = 4) 
Cumulative Ni loss from surface runoff (jig m"2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 50.10al 士 63.13 52.25al ± 80.99 122.52al ± 172.41 
CH 60.98a 1 ± 45.97 79.9181 ± 86.71 139.23al ± 157.99 
SL 150.75al ± 229.70 247.26al 士 416.12 332.05al 士 485.64 
SH 344.87al 士 330.81 661.75al 士 439.94 539.94al 士 351.72 
Column means sharing the same superscripts are not significantly different atp< 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
Lead 
The cumulative loss of Pb in runoff ranged from 1.37-5.34 抖g m一 in November 
2006 to 0.76-3.37 i^g m"2 in January 2007 and 1.29-6.99 i^g m"2 in March 2007 
(Table 6.17). The interaction of treatment and month according to the Two-Way 
ANOVA was also not significant, F(6,36) = 0.613，/? = 0.718. In general, cumulative 
Pb loss exhibited a bimodal pattern being higher in November 2006 and March 2007 
than January 2007. Also, the loss under high-intensity rainfall was consistently 
higher than low-intensity rainfall regardless of treatment. There was, however, no 
discernible pattern with treatment. Thus, cumulative Pb loss from runoff was 
enhanced by rainfall intensity but not sludge amendment. 
Table 6.17 Cumulative Pb loss from runoff (|ig m~2) (mean 士 SD) in November 
2006, January and March 2007 (n = 4) 
Cumulative Pb loss from surface runoff (卩g m~2) Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 2.31al 士 2.37 0.76al 士 0.98 1.29al 士 1.26 
CH 5.34al 士 3.71 2.20a 1 士 2.58 6.99al 士 5.03 
SL 1.37al 士 2.03 1.13al 士 2.06 2.97al 士 3.43 
SH 3.82al 士 3.23 3.37al 士 4.23 3.35 a l 士 2.40 
Column means sharing the same superscripts are not significantly different atp< 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different at/? < 0.05 by Duncan's 
Multiple Range Test. 
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Zinc 
The cumulative loss of Zn in runoff was the highest among the six heavy metals, 
averaging 0.04-0.46 mg m"2 (November 2006), 0.34-2.16 mg m"2 (January 2007) and 
1.51-2.29 mg m"2 (March 2007) (Table 6.18). Again, the combined effect of 
treatment and month on Zn loss according to the Two-Way ANOVA was not 
significant, F(6，36) = 0.34,/? = 0.914. Notwithstanding this, Zn loss was consistently 
higher from the sludge-amended panels than the control panels, except the last 
simulation in March 2007. In the sludge-amended panels, Zn loss was also higher 
under high-intensity rainfall than low-intensity rainfall. This was, however, not found 
in the control panels. Furthermore, cumulative Zn loss tended to increase with grass 
growth except the sludge-amended treatment under high-intensity rainfall in January 
2007. Overall, cumulative Zn loss in runoff was generally enhanced by sludge 
amendment but fluctuated with rainfall intensity, especially in the control panels. 
Table 6.18 Cumulative Zn loss from runoff (mg m~2) (mean 士 SD) in November 
2006, January and March 2007 (n = 4) 
Cumulative Zn loss from surface runoff (mg m~2) 
Treatment 
Nov 2006 Jan 2007 Mar 2007 
CL 0.05al 土 0.09 0.34a 1 士 0.57 2.29al 士 3.66 
CH 0.04al 士 0.05 0.77al 士 1.12 1.82al 士 3.12 
SL 0.27al ± 0.51 1.14al 士 2.17 1.51al 士 2.51 
SH 0.46al ± 0.62 2.16al 士 1.72 1.63al ± 1.10 
Column means sharing the same superscripts are not significantly different a tp< 0.05 by Duncan's 
Multiple Range Test. 
Row means sharing the same superscripts are not significantly different atp< 0.05 by Duncan's 
Multiple Range Test. 
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General pattern of cumulative heavy metal loss in runoff 
Heavy metals were detected in the runoff of the sludge-amended and control 
panels, under 40 mm Kpand 80 mm h-1 rainfall intensities. This finding agreed 
reasonably well with that of Singh et al. (2000), who have investigated the same 
heavy metals on an 11° slope under a rainfall intensity of 40 mm h-1 for one hour. 
The factors accounting for the loss of heavy metals are similar to those of the 
leachate, including sludge amendment, rainfall intensity and growth of the grass. 
Sludge amendment enhanced the loss of Cd, Cr, Cu, Ni and Zn in runoff but not Pb. 
There are potential threats to the neighboring water bodies if there are no facilities to 
collect and treat the runoff. Elsewhere, environmental risks arising from the land 
application of sludge have been reported by Keller et al. (2002) and Mantovi et al. 
(2003). 
The cumulative loss of Cd, Cr, Cu, Ni and Pb in runoff was higher under 
high-intensity rainfall than low-intensity rainfall, while Zn loss was highly variable 
with rainfall intensity. This is expected because the higher the rainfall intensity, the 
greater will be the volume of runoff. As a consequence, the mobile fractions of heavy 
metals will be readily transported in surface runoff downstream. Although lime is 
capable of suppressing the release of heavy metals from the sludge (see Chapters 4 & 
5), its effect on runoff loss is expected to be minimal due to the occurrence of 
Hortonian overland flow, which is an unsaturated overland flow associated more 
frequently with high-intensity rainfall. If sludge particles are present on or near to the 
soil surface, the released heavy metal is either brought into the soil through 
infiltration or transported along the soil surface through Hortonian overland flow. 
When the released metal is transported by Hortonian overland flow, it is less likely 
suppressed by lime and will be lost in runoff. To reduce heavy metal loss in runoff, it 
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may be necessary to topdress the surface soil with DG to a thickness of 1 cm. This 
will prevent the direct impact of raindrops onto the sludge particles and reduce the 
transport of heavy metals by Hortonian overland flow. Nevertheless, heavy metal 
loss in runoff is still possible, but less likely, because saturated overland flow and 
seepage may bring the heavy metals to the soil surface. 
The longer the period of grass growth, the greater the loss of Cd, Cr, Cu, Ni and 
Zn in runoff during the study period. Pb loss was, however, less predictable. If sludge 
is applied to hydroseeded slopes, it is easier to manage the runoff than leachate by 
building lateral herringbone drains or interception channels downstream. Again, a 
longer observation period is needed to elucidate the sustained loss of heavy metals 
from surface runoff. 
6.3.4.3 Heavy metal loss from leachate, surface runoff and runoff sediment 
Heavy metals can be released from the soil through leaching, surface runoff and 
sediment loss. These three processes not only differ in accounting for the loss of 
heavy metals but also management measures to minimize environmental risks if 
sludge is applied to the field. This section describes the net loss of heavy metals 
arising from sludge amendment as a result of leaching and surface runoff after 
growing the Bermudagrass for six months. As sediment loss from runoff was 
negligible, the loss of heavy metals from the sediment was excluded from this 
analysis. 
The cumulative loss of heavy metals from the sludge-amended panels decreased 
in the order of Zn > Ni > Cu > Cd > Cr > Pb under both rainfall intensities (Table 
6.19)，which is slightly different from the order of Zn > Cu > Ni > Cr > Pb > Cd in 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































First, once the sludge is mixed with DG, the heavy metals are not necessarily released 
in the same order of abundance. Second, in assessing the potential risk of sludge to 
the environment, we must not solely base on the total form of heavy metals in sludge 
because some are more readily released than others depending on their speciation. 
Overall, leachate accounted for a higher loss of heavy metals than runoff under 
the same rainfall intensity. Under high-intensity rainfall, for instance, the cumulative 
• _2 # __2 
loss of Ni amounted to 5479.72 |xg m~ , which was made up of 4213.28 jxg m~ from 
leachate and 1266.45 jig m~ from surface runoff. This is expected because the 
percolating water had a gradual and longer contacts time with the soil than surface 
runoff. In the sludge-amended panels, the cumulative loss in leachate was 2.38-4.68 
times higher than in runoff under low-intensity rainfall, and 0.73-4.08 times higher 
under high-intensity rainfall. In a similar study, Singh et al. (2000) find that metal 
transport in leachate was 2-20 times higher than in surface runoff on an 11° slope 
that has been subjected to rainfall impact at 40 mm h一1 for one hour. 
The loss of heavy metals seemed to fluctuate greatly under both rainfall 
intensities. For instance, it varied from a minimum of 13.37 m~2 for Pb to a 
maximum of 11857.48 |xg m~2 for Zn under low-intensity rainfall during the study 
period (Table 6.19). The corresponding values under high-intensity rainfall were 
一 2 • 
36.02 and 21224.13 \ig m~ . It is thus clear that besides the fluctuations in absolute 
quantity of loss, the heavy metals seem to respond differently to rainfall intensity. In 
this regard, the cumulative loss of Pb under low-intensity rainfall was equivalent to 
37.1% of the same metal under high-intensity rainfall compared to the corresponding 
value of 55.9% for Zn. Copper stands out as the only metal whose loss under 
low-intensity rainfall (1769.72 昭 m"2) was higher than under high-intensity rainfall 
(1684.68 ^g m"2). The biggest difference occurred in Cr, whose loss under high-intensity 
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rainfall (79.22 ^g m~2) was nearly four times higher than under low-intensity rainfall 
(15.89 |ig m~ ). As aforesaid, a large part of the loss came from the leachate. 
In this study, the loss of heavy metals from runoff sediments is believed to be 
negligible as a result of good grass growth. It is thus essential to maintain a dense 
cover of the grass when sludge is applied to the field. This will provide an effective 
cover of the ground, minimize soil erosion and reduce the release of heavy metals to 
the environment. This can be achieved by regular fertilization, irrigation and clipping 
of the grass to promote tiller growth. 
An attempt modified from (Luczkiewicz, 2006) is made below to examine the 
proportion of the cumulative amount of heavy metals in the panel effluents (leachate 
and runoff) (Xtot) to their initial mass (Xo). The Xtot/Xo percentages decreased in the 
order of Cd > Zn > Ni > Pb > Cu > Cr under both rainfall intensities (Table 6.20). 
Notwithstanding this, the Xtot/Xo percentages were higher under high-intensity 
rainfall (0.02-2.16%) than under low-intensity rainfall (0.00-1.87%). Thus, Cr was 
least readily released from the sludge-amended panels (0.00-0.02%) while Cd was 
most readily released (1.87-2.16%) within the study period. Luczkiewicz (2006) has 
investigated the effect of sludge on degraded areas and found that the Xtot/Xo 
percentages were less than 2% for these six heavy metals. The author attributed the 
low percentages to the inorganic or residual fractions of heavy metals in the initial 
deposition. While our result is comparable to that of Luczkiewicz, heavy metals 
contained in the local sludge are likely dominated by the inorganic or residual form. 
Despite this low percentage, it is not necessarily safe to land apply the sludge if 
the receiving site is ecologically fragile or sensitive, not to mention the cumulative 
impact on the environment. Nonetheless, as the total heavy metal contents contained 
in sludge prior to application fall within USEPA regulations 40 CFR 503, the low 
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values of Xtot/Xo obtained in the present study suggest that it is fairly safe to use the 
sludge on slopes. In addition to this, innovative design and proper management 
practices for the collection and diversion of contaminated leachate and runoff can 
widen the use of sludge and help reduce the demand for dumping site in Hong Kong. 
Table 6.20 Mass balance of the loss of metals (Xt�t) in leachate and runoff to the 
initial mass (X。） 
Rainfall 
intensity Zn Ni Cu Cd Cr Pb 
(mm h"1) 
Baseline concentration 453.33 163.25 357.08 1.46 82.27 1.58 
(mgkg ) 
Initial mass added to 1296.52 466.90 1021.25 4.18 235.29 4.52 
each panel (mg) (X0) 
Net metal loss in 40 5807.74 1812.00 932.09 71.08 8.60 6.13 
leachate from each 
panel b g ) � 8 0 9802.32 2106.64 651.91 80.98 29.28 20.01 
Net metal loss in runoff 4 0 1 2 1 0 0 2 5 2 6 0 “ 4 7 ' 2 3 7 0 3 ^ 6 6 0 5 6 
from each panel Qig) (2) go 809.75 633.23 190.44 9.38 10.33 -2.00 
Total net metal loss 40 5928.74 2064.60 884.86 78.11 7.95 6.69 
from each panel (^g) 
… 8 0 10612.07 2739.86 842.34 90.35 39.61 18.01 
(1) + (2) y^ totj 
40 0.46 0.44 0.09 1.87 0.00 0.15 
Xtot/Xo(%) 
80 0.82 0.59 0.08 2.16 0.02 0.40 
6.4 Summary 
The findings of this experiment are summarized by the following statements: 
1. Regardless of sludge amendment, leachate production rate under high-intensity 
tli 
rainfall increased exponentially at around the 5-10 minute, peaked at the 
15-20111 minute, before leveling off towards the end of the experiment. The 
pattern was similar under low-intensity rainfall, except that there was a time lag 
of about 5 minutes for the above to happen. The trend of runoff rate and 
leachate production rate was similar. 
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2. Leachate production rate and cumulative leachate increased with rainfall 
intensity, regardless of treatment. The sludged treatments yielded a higher 
leachate production rate and cumulative leachate under low-intensity rainfall. 
Under high-intensity rainfall, however, there were no significant differences in 
leachate production rate and cumulative leachate between the amended and 
control treatments. 
Runoff rate and cumulative runoff also increased with rainfall intensity, being 
lower in the sludged treatments than the control under low-intensity rainfall. 
However, this trend was reversed under high-intensity rainfall. 
Overall, leachate production was greater than runoff in all the treatments, which 
is important in terms of soil erodibility. 
3. The maximum sediment yield was 0.99 g m~2 in a 10-minute interval. Rainfall 
intensity and sludge amendment had no direct effects on sediment yield in the 
runoff and the concomitant loss of heavy metals. Instead, grass cover seemed to 
have effectively reduced sediment loss in all the treatments. 
4. All the six heavy metals were detected in the leachate and runoff. Overall, the 
concentrations of metals were higher in leachate than in runoff. In the presence 
of sludge, the concentrations of Cr, Cu, Pb and Zn in leachate and runoff were 
below the WHO drinking water standards and the Taiwan EPA irrigation water 
standards. Cadmium and Ni concentrations in leachate and runoff either 
exceeded one or both standards at the early stage of a rainfall event, but 
dropped to safe levels towards the end of the event. 
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5. Sludge amendment increased the cumulative losses of Cd, Cr, Cu, Ni, Pb and 
Zn in leachate and runoff, but its effect was less apparent for Pb loss in runoff. 
With the exception of Cu, the leachate losses of Cd, Cr, Ni, Pb and Zn were 
greater under high-intensity rainfall than low-intensity rainfall. Similarly, 
greater losses of Cd, Cr, Cu, Ni and Pb in runoff were detected under 
high-intensity rainfall than low-intensity rainfall although the pattern for Zn was 
less conspicuous. 
The loss of heavy metals in leachate and runoff generally increased with growth 
of the Bermudagrass, except the loss of Pb in runoff. 
6. Heavy metal loss in leachate was about 1-5 times higher in leachate than runoff; 
hence more attention should be paid to the monitoring of leachate than runoff in 
terms of environmental pollution. Nevertheless, from the mass balance 
calculations, less than 3% of the initial loads of the six metals were lost from 
leachate and runoff throughout the study. It is thus considered safe to adopt 





7.1 Summary of maj or findings 
The present study investigates the potential use of sludge in slope 
bioengineering. The rationale is that sludge contains higher organic matter and 
nutrient contents than decomposed granite (DG) underlying many of the cut and 
man-made slopes in Hong Kong. The widespread use of sludge is, however, 
constrained by the presence of heavy metals that are potentially phytotoxic to the 
slope vegetation and hazardous to the environment. The present study was carried 
out under controlled conditions in the greenhouse and rainfall simulator laboratory. 
The study objectives are four-fold: (i) to determine the growth performance of 
common Bermudagrass on DG amended with sludge (0，12.5, 25 and 50 g kg一1 DG) 
and lime (0, 1 and 4 g kg— DG) in terms of aboveground biomass yield, heavy metal 
uptake and leachate heavy metals; (ii) to determine the optimum loading rates of 
sludge and lime for the amendment of DG; (iii) to simulate the impact of rainfall (40 
mm h_1 and 80 mm h-1) on the production of leachate, surface runoff and runoff 
sediments from grassed soil panels packed with sludge-amended DG; and (iv) to 
determine the heavy metals contained in the leachate, surface runoff and runoff 
sediments, if any. The following is a summary of the major findings. 
Common Bermudagrass could be established by stolonization with no 
phytotoxic symptoms under all the sludge and lime loading rates, with maximum 
growth in November or December and minimal growth in March. The sludge 
contained higher organic matter and nutrient contents (TKN, total P, K, Na, Ca and 
Mg) than DG It enhanced grass growth substantially in both the warm and cool 
seasons, as manifested by the increased aboveground biomass and nitrogen uptake. 
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The effect of lime in improving biomass growth was less conspicuous than sludge. 
The highest aboveground biomass was, however, obtained at the maximum lime 
loading rate of 4 g kg-1 DG and maximum sludge loading rate of 50 g kg-1 DG. They 
are known as the optimum loading rates of lime and sludge for DG in supporting the 
biomass growth of Bermudagrass in this thesis. The resultant aboveground biomass 
was 1.67 times that of the control. 
It is well known that sludge contains noxious heavy metals, such as Cd, Cr, Cu, 
Ni, Pb and Zn, whose bioavailability can be suppressed by the addition of lime. The 
heavy metals accumulated in the shoot of common Bermudagrass decreased in the 
order of Zn > Cr > Pb, Ni > Cu > Cd. In general, sludge played a more dominant role 
than lime in affecting the grass uptake of heavy metals. While sludge enhanced the 
uptake of Cd, Cr, Cu, Ni and Zn by grass, lime tended to suppress the uptake of Cd, 
Cu, Ni and Zn. Chromium was the only element whose uptake by grass was slightly 
enhanced by lime. Unlike the other five metals, Pb uptake was unaffected by sludge 
and lime because its concentration was higher in DG than sludge. The metal 
concentrations of grass shoots rarely surpassed known toxicity limits in the literature. 
The only exception was Cr, whose concentrations in the grass exceeded the upper 
limit of the toxicity range in half of the treatments. Overall, the concentrations of 
heavy metals in the grass were relatively low at the maximum sludge loading rate of 
50 g kg-1 DG and lime loading rate of 4 g kg-1 DG. As aforesaid, these loading rates 
also resulted in the highest aboveground biomass. 
Heavy metals were also detected in the leachate by manually watering the grass 
in the PVC columns and they decreased in the order of Zn > Ni > Pb, Cd > Cu > Cr. 
With the exceptions of Cr and Pb, the metal contents increased with sludge loading 
rate in the soil mix. In contrast, lime lowered proportionately the heavy contents in 
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leachate, albeit not significantly for Cr. This reduction in metal leachability was 
associated with a rise in leachate pH upon lime amendment of DG. Indeed, leachate 
pH increased gradually with time and was mostly acidic to slightly acidic. At the end 
of the experiment, leachate pH was positively correlated with pH of the soil mix in 
the PVC column. As inferred from the corresponding leachate pH, the most ideal 
reaction pH for plant growth was associated with sludge loading rates of 25 and 50 
g kg-1 DQ and lime loading rate of 4 g kg-1 DG. Sludge not only affected the heavy 
metal contents, but also the volume of leachate. As a result of enhanced grass growth 
by sludge, the efficiency of water use was improved through increased absorption 
and evapotranspiration, resulting in the reduction of leachate volume. 
Through rainfall simulation experiments, the optimum sludge and lime loading 
rates were applied to investigate the environmental risks of utilizing sludge in slope 
bioengineering works. The effects of rainfall intensity, sludge amendment and the 
time of grass growth on the production of leachate, surface runoff and runoff 
sediments, as well as their heavy metals were investigated. 
The leachate and runoff production rates tended to increase with rainfall 
intensity in both the amended and control treatments; the rates increased abruptly at 
around the 5th minute and decreased gradually thereafter before leveling off towards 
the end of the simulation. This pattern occurred in both rainfall intensities, yet the 
initial and peak production time of leachate and runoff under low-intensity rainfall 
(40 mm h"1) lagged behind the high-intensity rainfall (80 mm h"1) by 5 minutes. 
Cumulative leachate and runoff production also increased with rainfall intensity, 
regardless of sludge amendment. 
The effect of sludge on leachate and runoff varied with rainfall intensity. At 
low-intensity rainfall, sludge resulted in a higher leachate production rate and hence 
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cumulative leachate, but lower runoff rate and cumulative runoff than the control. At 
high-intensity rainfall, however, sludge amendment yielded a leachate production 
rate comparable to; and a cumulative leachate, runoff rate and cumulative runoff 
slightly higher than the control. Overall, the trend of leachate and runoff production 
rates was identical although cumulative leachate was greater than cumulative runoff 
in all treatments. Besides, cumulative leachate tended to increase gradually with the 
time of grass growth, but not cumulative runoff. 
In addition to leachate and surface runoff, sediment yield in runoff is frequently 
investigated in the study of soil erosion. In the present experiment, the highest 
sediment yield was 0.99 g within a 10-minute sampling interval. Sediment yield 
in runoff was not directly affected by sludge, rainfall intensity and time of grass 
growth. Instead, the dense cover of grass seemed to have protected the panel from 
soil erosion. 
Heavy metals were detected in the leachate and runoff collected from the 
amended and control panels. Overall, the concentrations of heavy metals in leachate 
and runoff were higher in the sludge-amended panels than the control panels. Besides, 
the concentrations of heavy metals in runoff were always lower than in leachate. 
Metal concentrations in both leachate and runoff could meet the irrigation and 
drinking water standards set by the Taiwan EPA and WHO, respectively, for most of 
the times. Cadmium and nickel were the two metals whose concentrations sometimes 
exceeded one or both of the above standards, particularly at the early stage of a 
rainfall event. They dropped to safe levels towards the end of each simulation. 
The loss of heavy metals in leachate and runoff was significantly affected by 
sludge, rainfall intensity and grass growth. Sludge amendment increased loss of the 6 
heavy metals from leachate and runoff, but not Pb in runoff. Rainfall intensity 
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resulted in greater losses of Cd, Cr, Ni, Pb and Zn, but not Cu from the leachate. 
Likewise, the loss of Cd, Cr, Cu, Ni and Pb from runoff also increased with rainfall, 
but not for Zn. The longer the period of grass growth, the greater were the losses of 
Cd, Cr, Cu, Ni and Zn in leachate and runoff. Lead is a soil-borne metal whose loss 
in leachate and runoff was less predictable than the other five metals. The total loss 
of heavy metals from the sludge-amended panels decreased in the order of Zn > Ni > 
Cu > Cd > Cr > Pb under both rainfall intensities. Heavy metal loss in leachate was 
about one to five times higher than in runoff, a finding with significant repercussions 
to the environment. 
7.2 Implications of the study 
This section discusses several implications arising from the results of the study, 
with special emphasis of the use of sludge as an organic amendment material of DG 
in slope bioengineering and measures to minimize the potential risks of heavy metals 
to the environment. 
7.2.1 Potential use of sludge in slope bioengineering works 
In Hong Kong, many slopes awaiting hydroseeding are dominated by 
decomposed granite, which is coarse-textured, infertile and characterized by low 
nutrient- and water-retention capacities. Amending DG with sludge can enhance 
grass growth in terms of biomass production. The improved grass growth not only 
provides a denser and greener vegetation cover, but also stabilizes the slope through 
its dense root system, achieving the dual goals of slope bioengineering. Although the 
benefits of sludge seemed to last for one year only in the present study, it would 
likely be longer under natural conditions with a larger volume of soil and return of 
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the grass clippings. Sludge is at least beneficial to the early establishment of grass, 
which will in turn moderate the harsh growth conditions of DG by elevating the 
organic matter content. This is accomplished by litter input, root sloughing and even 
return of the clippings. Decomposition of the organic matter helps to replenish the 
soil with nitrogen in the long run. Indeed, in the first, second, third, fourth and fifth 
years after sludge application, an estimated 20% 10%, 5%, 2.5% and 1.25% of the 
organic N are mineralized (Sabey, 1980). When nitrogen contained in the sludge is 
exhausted, its supply will then depend partly on decomposition of the accumulated 
soil organic matter. 
Water supply is one of the most important factors governing the success of slope 
revegetation (GEO, 2001a). Sludge amendment is capable of improving the 
moisture-retention capacity of DQ though not investigated directly in this thesis. As 
an organic-rich material, sludge is expected to improve the aggregate stability, 
infiltration and water-retention capacity of the coarse-textured DG. The improved 
aboveground biomass is probably accompanied by dense root growth, which in turn 
enhances water absorption but reduces soil erosion. In this regard, sludge can 
facilitate leaching at the expense of surface runoff. The enhanced grass growth, 
therefore, is of paramount importance in controlling soil erosion and the concomitant 
release of heavy metals to the environment. The dense coverage of grass reduces 
effectively raindrop impact and splash entrainment, resulting in less detachment and 
transportation of soil particles. More importantly, the reduced formation of crust or 
surface seal enhances infiltration capacity and reduces runoff velocity (Box and 
Bruce, 1996). The sediment yield and associated loss of heavy metals from the 
sludge-amended soil can then be significantly reduced, as illustrated in Chapter 6. 
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7.2.2 Measures to optimize the beneflts of sludge in land application 
To optimize the benefits of sludge as a soil amendment material, the release of 
heavy metals from leachate, runoff, runoff sediments and even the biomass must be 
controlled properly. Heavy metals released from sludge may be phytotoxic to the 
grass, resulting in impaired growth, reduced coverage and failure to green up in 
spring. At the same time, there is the risk of food chain contamination and 
environmental pollution. Lime amendment is proven effective in suppressing the 
bioavailability and leachability of heavy metals in the soil mix. In the absence of 
lime, heavy metal contents in grass shoots and leachate increased proportionately 
with the loading rate of sludge. When lime was also added to the sludged DQ the 
metal contents dropped significantly. In the present study, the optimum loading rates 
of sludge and lime were 50 g kg-1 DG and 4 g kg-1 DG, respectively. The two loading 
rates acted synergistically to yield the highest biomass, a most desirable pH of the 
soil mix, relatively low metal concentrations in the grass shoots, leachate and runoff. 
Liming is undoubtedly an effective means that can optimize the benefits of sludge in 
land application. Parallel to this, we have to determine the optimum sludge loading 
rate for a particular soil. As sludge properties vary with the source of effluent and 
treatment processes, no two batches of the organic waste are the same. This reaffirms 
the importance of chemical analysis prior to the use of sludge on slopes. In addition, 
sludge generated from domestic effluent may contain less heavy metal than from 
industrial effluent. Therefore, selecting the correct type and optimum amendment 
rate of sludge is of utmost importance in land application. The addition of lime is of 
secondary importance only in curbing the release of heavy metals. 
Notwithstanding the role of lime in suppressing the bioavailability of heavy 
metals, some are inevitably leached from the leachate and surface runoff. According 
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to overseas experience, the release of metals may last for a couple of years after 
sludge amendment. These metals are a threat to water bodies downstream in terms of 
environmental pollution. To further minimize the potential hazards of heavy metals, 
the innovative design of interception channels and proper management practices are 
needed. If sludge were used in slope bioengineering works, both surface runoff and 
leachate should be intercepted and collected for treatment in sewage treatment plant. 
Another means to minimize the potential risk of heavy metals to the 
environment is to accelerate the build-up of organic matter content in the slope 
substrate. This is necessitated by the fact that heavy metals can be bound tightly to 
soil organic matter. As slopes awaiting rehabilitation are usually dominated by 
infertile soils deficient in organic matter, this problem can be partly overcome by the 
rapid establishment of grass through hydroseeding. Indeed, hulled common 
Bermudagrass seeds can germinate 4-7 days after hydroseeding. The application of 
fertilizers can speed up grass growth and build-up of organic matter in the soil, which 
will then provide the binding sites for heavy metals. 
If sludge were used in man-made slope works, mixing can be carried out either 
off-site or on-site depending on location of the slopes. The mixing and stockpiling of 
soil mix should best be completed in the dry season for easy handling and avoidance 
of erosion by rainfall. Another advantage is that after stockpiling in winter, the soil 
mix can then be placed on top of the fill slope in spring, compacted and hydroseeded 
with common Bermudagrass. This warm-season grass can establish rapidly taking 
advantage of the fertilizer in the hydroseeding slurry and spring rain. The organic 
matter contained in sludge will also improve the efficacy of the chemical fertilizer. 
If manpower is available, periodic clipping of the grass during the first 6 months of 
growth can enhance the creeping ability and shoot density of the grass. With these 
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measures, the grass can achieve a 100% cover of the ground in 8 weeks time or less. 
Irrigation is necessary to sustain the growth of Bermudgrass in winter; otherwise the 
grass will wither and green up poorly in the following spring. With the use of sludge 
on slope, this problem can be minimized. 
Another means to optimize the agricultural use of sludge on slope is the 
planting of species that are inter alia tolerant of heavy metals. In this regard, 
common Bermudagrass is a viable choice. Although decomposition of the litter and 
clippings may result in the release of heavy metals again, Bermudagrass is able to 
survive as co-tolerance ecotypes might have evolved (Shu et al.，2002). This can be 
seen from the disappearance of negative correlations between biomass yield and 
metal concentrations one year after sludge amendment. The tolerance of 
Bermudagrass to heavy metals may assist the invasion of shrubs or trees, as the grass 
can phytostabilize heavy metals and reduce their loading on the slope (Archer and 
Caldwell, 2004). The invading shrubs and trees should be allowed to develop 
naturally on the slope. 
7.3 Limitations of the study 
The present study has adopted a black-box approach to examine the input and 
output of heavy metals, and the effect of sludge and lime on heavy metal fluxes in 
the amended DG. Several important issues were not addressed, including the 
interactions among the metals, the equilibrium among the 5 fractions of each metal, 
the kinetics of metal sorption and desorption in soil, and the relations between 
microorganisms and metal speciation etc. They were excluded because of their 
complex nature, requirement of inter-disciplinary approach and the constraint of 
manpower. Despite these limitations, the study has provided some useful results 
pertaining to the land application of sludge as an amendment material of DG. 
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The study lasted for a year and a half, which is too short to follow the 
sustainability of sludge as an amendment material. Specifically, the positive effect of 
sludge on aboveground biomass could not be verified in the second year. Under 
natural conditions, the growth of hydroseeded Bermudagrass on hydromulched 
surface, a proprietary slope bioengineering technique commonly used in Hong Kong, 
seems to decline with effect from the first year of establishment (Chiu, 2004). The 
underlying causes include seasonal drought and competition from weeds. It is not 
known if similar decline will also occur in Bermudagrass grown in sludge-amended 
DG. Likewise, the simulation study lasted for 6 months only, which was equally short 
in monitoring response of the sludged system to rainfall impact 
Heavy metal contents may fluctuate with sludge and treatment processes. The 
sludge used in the present study was collected from the Shatin Sewage Treatment 
Works; it consisted of less heavy metals than other sludge due to less industrial 
activities in the Shatin area. Because of this, the problem of heavy metals is not as 
critical as contemplated. It is, however, sensible to use only sludge that contains low 
contents of heavy metals. 
The temporal changes of reaction pH in the soil were not sampled for fear of 
disturbance to the soil. Likewise, root biomass was not investigated due to the 
shortage of manpower. The effect of pH on heavy metal fluxes and the translocation 
of metals from grass roots to shoots could not be verified accordingly. Despite this 
limitation, the densely packed white roots clearly suggest the absence of any 
phytotoxic symptoms. The creeping ability of Bermudagrass was not fully 
manifested in the PVC columns, which might have underestimated aboveground 
biomass yield. 
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The size of the simulation panels had a surface area of 0.5 m2 and a length of 
1 m only, which is a bit under-sized in similar kind of study. The small size might 
have inflated the percentage of error and owing to budget constraint, the number of 
replicates for a particular treatment was limited to four only. This limitation resulted 
in large standard deviations of the results in the simulation experiment, including 
metal concentrations, leachate and runoff volumes. 
In the present study, extreme care was taken in the preparation of soil mix for 
the PVC columns and simulation panels. The DQ sludge and lime had been 
thoroughly homogenized and mixed before packing. Notwithstanding this effort, 
differential vertical and lateral flows of water were observed throughout the study, 
which partly accounted for the large variations in leachate and runoff volumes. 
7.4 Suggestions for further study 
The present study has examined the potential use of sludge in slope 
bioengineering, yet many questions remain unanswered. This section highlights some 
studies that are worth taking in the future. 
From the results obtained in this study, there exists a limit to the benefits of 
sludge with time. In terms of biomass yield, the positive effect seemed to have 
declined after one year of application. On the other hand, the effect of lime lasted 
longer than sludge in the soil mix. Because of this, it is necessary to investigate the 
sustainability of sludge and lime on a longer term basis. This can easily be 
accomplished by following a similar experimental design but prolonging the 
monitoring period to 2-3 years. Besides the effect on aboveground biomass yield, the 
fluxes of heavy metals can also be elucidated over time, as also proposed by Barbier 
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et al. (2002). Indeed, heavy metals are still detected in leachate after 20 years of 
heavy sludge application in the absence of lime (Richards et al； 1998). 
In golf course management, turfgrasses are topdressed regularly to level the 
ground, improve shoot density and remove the thatch (Beard, 1982). Given that the 
benefits of sludge will dwindle with time, its periodic replenishment may be 
necessary to sustain growth and reduce fertilizer cost. This is easier said than done 
because technically, it is difficult to spread sludge evenly onto a slope already 
covered by grass. If the applied sludge is sitting on the grass, it can easily be washed 
away by rainfall resulting in environmental pollution. More study is，therefore, 
needed on the application of sludge to established slope, including spiking and the 
alternative spray of secondarily treated effluent in an environmentally friendly 
manner. 
In the present experiment, the grass was harvested, removed and weighed at 
regular intervals; the organic matter from grass was not returned to the soil. If grass 
clippings are returned to the soil, organic matter is expected to accumulate rapidly 
and decompose to release the metals again. It is therefore necessary to investigate the 
effect of grass clippings on grass growth, metal fluxes and slope processes. 
Although no phytotoxic symptoms of the Bermudagrass were found in the 
present experiment, the phytotoxicity level of specific metal is virtually unknown. 
This will narrow down the choice of species in slope revegetation involving the use 
of sludge. It is therefore worthwhile to investigate the tolerance levels of different 
species to the heavy metals found in sludge. Also related is the survival rate of the 
targeted species. 
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Heavy metals can enter and accumulate up the food chains as a result of feeding 
by herbivores on the grass. Tissues from the contaminated animals could be taken 
and analyzed for metal accumulation. Similarly, the contaminated leachate and runoff 
could be used to rear shrimp and fish to assess the uptake of heavy metals. 
The leaching loss of K, Na, Ca and Mg from sludge is relevant to environmental 
pollution and sustainability of the organic waste as a soil amendment material. 
Together with the efficacy of sludge on the applied fertilizers, this information is 
least understood in the literature. 
Although 45° is a common slope gradient for hydroseeded slope (GEO, 2001a) 
and falls within the range of critical slope gradient (Liu et al” 2001), rainfall 
simulation can be performed on slopes with different gradients and variable 
parameters. The results obtained shall reflect closely the processes occurring in the 
natural environment. 
Altering the rainfall characteristics also provides a more comprehensive 
database for coping with the erratic rainfall patterns in Hong Kong. For example, a 
low-intensity but longer-lasting rainfall would likely be different from a heavy 
rainfall with short duration in terms of the production of leachate, surface runoff, 
runoff sediments, and heavy metals contained therein. 
Apart from common Bermudagrass (Cynodon dactylon), Paspalum notatum and 
Wedelia trilobata are two other commonly used species in Hong Kong's slope 
bioengineering works (Hau and Leung, 2004). In this connection, investigating the 
response of these two species to sludge and lime amendment shall expand the 
planting list associated with sludged slopes. It is also worthwhile to identify 
metal-tolerant species that can establish on slopes. 
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The field trial of sludge and lime in slope bioengineering will translate theory to 
practice, consolidating the findings from this study. Specifically, the seasonal 
fluctuations of leachate, surface runoff, runoff sediment, and the concomitant release 
of heavy metals and nutrients can be compared between amended and unamended 
slopes. Also relevant in field trial is the provision of herringbone drains and catch 
pits to collect the metal-laden water for purification in sewage treatment plant. 
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Appendix 2.1 Definitions of heavy metals 
Definitions in terms of density (specific gravity) 
• metals fall naturally into two groups~the light metals with densities Bjerrum, 1936 
below 4, and the heavy metals with densities above 7 





• metal of high specific gravity, especially a metal having a specific 3rd New International 
gravity of 5.0 or greater Dictionary, 1976 
• metal with a density greater than 5 Brewer and Scott, 
1983 
• metal with a density greater than 6 g cm-3 Davies, 1987 
• metal of specific gravity greater than 4 Grant and Grant, 1987 
• metal with a density of 5.0 or greater Flexner, 1987 
• metal whose specific gravity is approximately 5.0 or higher Parker, 1989 
• metal with a density greater than 5 Lozet and Mathie, 
1991 
• (in metallurgy) any metal or alloy of high specific gravity, especially one Morris, 1992 
that has a density greater than 5 g cm-3 
• metal with a density higher than 4.5 g cm—3 Streit, 1994 
• metal with a density above 3.5-5 g cm-3 Falbe and Regitz, 
1996 
• element with a density exceeding 6 g cm-3 Thornton, 1995 
Definitions in terms of atomic weight (mass) 
• metal with a high atomic weight Holister and Porteous, 
1976 
• metal of atomic weight greater than sodium Bennet, 1986 
• metal of atomic weight greater than sodium (23) that forms soaps on Lewis, 1993 
reaction with fatty acids 
• metallic element with high atomic weight (e.g., mercury, chromium, U.S. EPA, 2000 
cadmium, arsenic, and lead); can damage living things at low 
concentrations and tend to accumulate in the food chain 
• metallic element with an atomic weight greater than 40 (starting with Rand et al., 1995 
scandium; atomic number 21); excluded are alkaline 
• metal with a high atomic mass Porteous, 1996 
• heavy metals is a collective term for metals of high atomic mass, Harrison and Waites, 
particularly those transition metals that are toxic and cannot be processed 1998 
by living organisms, such as lead, mercury, and cadmium 
• metal such as mercury, lead, tin, and cadmium that has a relatively high Kemp, 1998 
atomic weight 
• rather vague term for any metal (in whatever chemical form) with a Lawrence et al.’ 1998 
fairly high relative atomic mass, especially those that are significantly 
toxic (e.g., lead, cadmium, and mercury). They persist in the environment 
and can accumulate in plant and animal tissues. Mining and industrial 
wastes and sewage sludge are potential sources of heavy metal pollution 
• a metal such as cadmium, mercury, and lead that has a relatively high Hunt, 1999 
relative atomic mass. The term does not have a precise chemical meaning 
• metal with a high relative atomic mass. The term is usually applied to Oxford Dictionary of 
common transition metals such as copper, lead, or zinc Science, 4th ed., 1999 
220 
Definitions in terms of atomic number 
In biolosy: 
• in electron microscopy, metal of high atomic number used to introduce Walker, 1988 
electron density into a biological specimen by staining, negative staining, 
or shadowing 
• in plant nutrition, a metal of moderate to high atomic number, e.g.，Cu, Walker, 1988 
Zn, Ni, or Pb, present in soils owing to an outcrop or mine spoil, 
preventing growth except for a few tolerant species and ecotypes 
In chemistry: 
• the rectangular block of elements in the Periodic Table flanked by Burrell, 1974 
titanium, hafiiium, arsenic, and bismuth at its corners but including also 
selenium and tellurium. The specific gravities range from 4.5 to 22.5 
• any metal with with an atomic number beyond that of calcium Venugopal and 
Luckey, 1975 
• any element with an atomic number greater than 20 Hale and Margham, 
1988 
• metal with an atomic number between 21 (scandium) and 92 (uranium) Lyman, 1995 
• term now often used to mean any metal with atomic number >20, but Phipps, 1981 
there is no general concurrence 
Definitions based on other chemical properties 
• heavy metals is the name of a range of very dense alloys used for Birchon, 1965 
radiation screening or balancing purposes. Densities range from 14.5 for 
76% W, 20% Cu, 4% Ni to 16.6 for 90% W, 7% Ni, 3% Cu 
• intermetallic compound of iron and tin (FeSn2) formed in tinning pots Merriman, 1965 
that have become badly contaminated with iron. The compound tends to 
settle to the bottom of the pot as solid crystals and can be removed with a 
perforated ladle 
• lead, zinc, and alkaline earth metals that react with fatty acids to form Hampel and Hawley, 
soaps. "Heavy metal soaps" are used in lubricating greases, paint dryers, 1976 
and fungicides 
• any of the metals that react readily with dithizone (C6H5N), e.g., zinc, Bates and Jackson, 
copper, lead, etc. 1987 
• metallic elements of relatively high molecular weight Stevenson and 
Wyman, 1991 
Definitions without a clear basis other than toxicity 
• element commonly used in industry and genetically toxic to animals and Scott and Smith, 1981 
to aerobic and anaerobic processes, but not every one is dense or entirely 
metallic; includes As, Cd, Cr, Cu, Pb, Hg, Ni, Se, and Zn 
• outdated generic term referring to lead, cadmium, mercury, and some Hodgson et al., 1988 
other elements that generally are relatively toxic in nature; recently, the 
term "toxic elements" has been used. The term also sometimes refers to 
compounds containing these elements 
Definitions preceding 1936 
• guns or shot of large size Ogilvie, 1884 
• great ability Williams, 1930 
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